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ABSTRACT 
 
The objective of this dissertation is the development of the necessary processing steps needed to 
manufacture infrared photodiodes on InAs1-xSbx material.  
 
Preliminary surface preparation steps were performed on both InAs and InSb material, thus 
covering both possible extremes of the antimony mole fraction. The first experiments 
endeavoured to characterise the effect of several possible etchants with regards to etch rate, 
repeatability, limitations for photolithographic patterning and the resultant surface roughness. 
The etchants investigated include a lactic acid based etchant, a sulphuric acid based etchant, an 
acetic acid based etchant, an ammonium based etchant, a hydrochloric acid based etchant as well 
as an organic rinse procedure. These cleaning and etching steps were evaluated at several 
temperatures. Measurements were performed on an Alpha Step stylus profiler as well as an 
atomic force microscope. 
 
Metal-insulator-semiconductor capacitor devices were manufactured, on both InAs and InSb 
material, in order to investigate the effects of the above-mentioned etchants combined with 
surface passivation techniques in terms of surface state densities. Capacitance-versus-bias 
voltage measurements were done to determine the resultant surface state densities and to 
compare these to the surface state density of an untreated reference sample. The surface 
passivation techniques included KOH, Na2S as well as (NH4)2S anodisation. 
 
Auger electron spectroscopy measurements were done on InAs and InSb material in order to 
examine possible surface contamination due to the etchants as well as combinations of these 
etching and anodisation procedures. The extent of surface coverage by contaminants as well as 
by the intrinsic elements was measured.  
 
The results of the cleaning and etching as well as the surface passivation studies were used to 
manufacture photovoltaic infrared diodes on an MOCVD (metal oxide chemical vapour 
deposition) grown p-InAs0.91Sb0.09/i- InAs0.91Sb0.09/n-GaSb structure. Current-versus-voltage and 
electro-optical measurements were performed on the these diodes in order to evaluate the effect 
of sulphuric acid based etching combined with KOH, Na2S or (NH4)2S anodisation on the 
detector performance. The results of surface passivated structures were compared to those of an 
unpassivated reference detector. 
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OPSOMMING 
 
Die doel van hierdie verhandeling is die ontwikkeling van die nodige prosesstappe om infrarooi 
fotodiodes op InAs1-xSbx materiaal te vervaardig. 
 
Aanvanklike oppervlakbehandelings is op beide InAs en InSb materiaal getoets en het dus 
altwee antimonied molfraksie uiterstes gedek. Die eerste ekperimente het ten doel gestel om die 
resultaat van verskeie etsmiddels te evalueer ten opsigte van etstempo, herhaalbaarheid, 
fotolitografiese beperkinge en die gevolglike oppervlakgrofheid. Die etsmiddels wat ondersoek 
is sluit 'n laktiese suur gebaseerde etsmiddel, 'n swawelsuur gebaseerde etsmiddel, 'n asynsuur 
gebaseerde etsmiddel, 'n ammoniak gebaseerde etsmiddel, 'n soutsuur gebaseerde etsmiddel en 'n 
organiese wasproses in. Die was- en etsprosesse is by verskeie temperature gekarakteriseer. 'n 
Alpha Step naald-profieltekenaar, asook 'n atoomkrag-mikroskoop is gebruik om die etstempo's 
en die oppervlakgrofheid te bepaal. 
 
Metaal-isolator-halfgeleier kapasitorstrukture is op beide InAs- en InSb materiaalmonsters 
vervaardig om die effek van bogenoemde ets- en oppervlakpassiveringstegnieke op die 
oppervlaktoestandsdigthede te bepaal. Kapasitansie teenoor voorspanningsmetings is gedoen om 
sodoende die oppervlaktoestandsdigthede te bepaal en met die van 'n ongepassiveerde struktuur 
te vergelyk. Die oppervlakpassiveringstegnieke wat ondersoek is sluit KOH, Na2S en (NH4)2S 
anodisering in. 
 
Metings is met 'n Auger elektron spektrometer op InAs en InSb monsters geneem om moontlike 
oppervlakkontaminasie as gevolg van die etsmiddels en die gekombineerde effek van die 
etsmiddels en die oppervlakpassivering te ondersoek. Die persentasie oppervlakte bedekking 
asook diepteprofiele is gemeet. 
 
Die resultate van die was- en ets-studie asook die van die oppervlakpassiveringstudie is gebruik 
om fotovoltaïse infrarooi detektors te vervaardig op MOCVD gegroeide p-InAs0.91Sb0.09/i- 
InAs0.91Sb0.09/n-GaSb strukture. Stroom teenoor voorspanningsmetings asook elektro-optiese 
metings is geneem om die uitwerking van swawelsuur etsstappe gekombineer met KOH, Na2S 
en (NH4)2S annodisering onderskeidelik, op die verrigting van die diodes te bepaal. Die resultate 
van die gepassiveerde diodes is vergelyk met die van die ongepassiveerde verwysingsdiode. 
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CHAPTER 1  
INTRODUCTION 
 
Infrared photodiodes are widely used by the military in missile seeker heads and infrared 
cameras. Commercial applications include the use of infrared photodiodes in gas sensors and 
telecommunication systems. The ternary compound InAsSb is emerging as a potentially 
suitable candidate for the creation of mid infrared detectors. The greatest advantage of a 
ternary compound is the versatility that it allows one in engineering the size of the energy 
band gap. In the case of InAs1-xSbx the mole fraction of antimony in the compound can 
potentially vary the cut-off wavelength between 3.1 µm and 9.0 µm at 77 K, a spectral range 
hitherto dominated by the HgCdTe compound. InAsSb presents an improvement on some of 
the physical disadvantages given by HgCdTe. 
 
InAsSb vs. HgCdTe 
HgCdTe is a widely researched and well-characterised material. Its inherent advantages 
include the potential to vary its band gap by changing the cadmium mole fraction. Its electron 
mobility is much higher than the hole mobility and its dielectric constant is relatively low [1].  
 
Even though HgCdTe is commonly used for the fabrication of mid infrared detectors it does 
have several physical drawbacks. From a material growth perspective the steep gradient of the 
band gap against cadmium mole fraction relation presents a major challenge. As shown in 
figure 1, the HgCdTe band gap has a much stronger dependence on the Cd mole fraction than 
the InAsSb band gap has on the Sb mole fraction.  
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Figure 1. Compositional dependence of InAs1-xSbx and Hg1-xCdxTe band gap on  
mole fraction x [77 K]. 
The practical implication, indicated by figure 1, is that the cut-off wavelength of detectors on 
a single HgCdTe wafer may differ from one surface area to the other - creating difficulties 
especially with detector matrix applications. 
 
Another drawback of HgCdTe is that Hg diffuses at temperatures around 300 K. InAsSb can 
withstand processing steps at higher temperatures. HgCdTe tends to be quite brittle, making 
handling and processing very difficult. This is caused by the large atomic numbers creating 
weak bonds with a large ionic component. The III-V family, to which the InAsSb compound 
belongs, possesses lower atomic numbers, causing stronger bonds of a more covalent nature. 
 
Material properties 
Growth and composition 
Progress in the development of InAsSb as a suitable semi-conducting material has been 
restrained by crystal syntheses problems. In figure 2 the pseudobinary phase diagram for the 
InAsxSb1-x system is displayed [2]. It is clear that there is a large separation between the 
liquidus and solidus lines of the pseudobinary phase diagram of the InAs-InSb system. It is 
stated by Stringfellow et al. [3] that the composition is strongly influenced by the growth 
temperature in the range where x > 0.1. The large separation between the solidus and liquidus 
curves, the large difference in the lattice parameters (6.9%) as well as the low diffusion rates 
in the solid phase, lead to a large immiscibility and place stringent demands on the method of 
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crystal growth [3-5]. Attempts to produce single crystals with 0.2 < x< 0.8 from a melt in a 
near-equilibrium process often result in the presence of two solid phases, the one InAs-rich 
and the other InSb-rich [3, 4]. If such a sample is held at a temperature little below the solidus 
value for the mean composition, the InAs-rich phase will be solid but the InSb phase will be 
liquid. To date, efforts to produce high-quality epilayers in this range of composition by LPE 
have been unsuccessful. However, InAsSb layers of good quality, spanning the entire range of 
compositions, have been produced by MOVPE [5, 6] and MBE [8-11]. 
 
 
Figure 2. Pseudobinary phase diagram for the InAs-InSb system. [2] 
 
The band gap energy versus lattice constants for some III-V compounds at room temperature 
is indicated in figure 3. Of particular interest are InAs, InSb and GaSb. The lattice mismatch 
between InAs and InSb is 6.9 % [2]. For InAsSb the lattice constant is a function of the mole 
fraction of antimony. Evidently one of the biggest challenges for the epitaxial growth process 
is finding a suitable substrate. As can be seen from figure 3, at an Sb mole fraction of 0.1 
(with a resulting lattice constant of 6.09593 Å), InAs0.9Sb0.1 will be perfectly lattice matched 
to GaSb. Another inherent advantage of growing InAs0.9Sb0.1 on a GaSb substrate is that the 
band gap of GaSb is wider than that of InAs0.9Sb0.1. The consequence is that GaSb will let any 
wavelength that can be detected by InAs0.9Sb0.1 pass right through, causing no optical 
obstruction. This offers additional freedom in the design of a detector structure in the form of 
a backside-illuminated detector. 
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Figure 3. Band gap energy versus lattice constants for some III-V compounds. 
 
Material characteristics 
Some physical properties of InAs and InSb, which defines the InAs1-xSbx compositional 
boundaries, are listed in table 1. The energy band gap (eV) dependence of InAs1-xSbx on 
temperature (K) and Sb mole fraction (x) is given by [2] 
 
( ) ( )xxTxx
T
TTxEg −×++−+
×
−= −
−
1104.370.0876.0
210
104.3411.0, 42
24
 (1) 
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Table 1. Physical properties of InSb and InAs [2]. 
 T (K) InSb InAs 
Lattice structure 
Lattice constant a (Å) 
Thermal expansion coefficient α (10-6 K-1) 
 
Density γ (g.cm-3) 
Melting point Tm (K) 
Band gap Eg (eV) 
 
 
dEg/dT (10-4 eV K-1) 
Effective masses: 
me*/me 
 
mlh*/me 
mhh*/me 
Mobilities: 
μe (cm2.V-1.s-1) 
 
μh (cm2.V-1.s-1) 
 
Intrinsic carrier concentration ni (cm-3) 
 
 
Refractive index nr 
Static dielectric constant εs 
High frequency dielectric constant ε∞ 
 
300 
300 
80 
300 
 
4.2 
80 
300 
100-300 
 
4.2 
300 
4.2 
4.2 
 
77 
300 
77 
300 
77 
200 
300 
zincblende 
6.4794 
5.04 
6.50 
5.7751 
803 
0.2357 
0.228 
0.180 
-2.8 
 
0.0145 
0.0116 
0.0149 
0.41 
 
~106 
80 000 
10 000 
800 
2.6x109 
9.1x1014 
1.9x1016 
3.96 
17.9 
16.8 
zincblende 
6.0584 
5.02 
 
5.68 
1210 
0.420 
0.414 
0.359 
-2.8 
 
0.023 
 
0.026 
0.43 
 
80 000 
30 000 
 
500 
6.5x103 
7.8x1012 
9.3x1014 
3.44 
14.5 
11.6 
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The predicted cut-off wavelength of InAs1-xSbx as a function of Sb mole fraction, both at 77 K 
and at 300 K, is illustrated in figure 4. It can be seen that the InAs1-xSbx band gap narrows (i.e. 
shifts to larger wavelengths) with an increase in temperature. The smallest band gap (largest 
wavelength) is achieved for x between 0.6 and 0.7. The relationship between the cut-off 
wavelength, λ, and the energy band gap, Eg, is described by  
 
λ⋅
⋅
=
q
chEg    [µm], (2) 
where λ is the wavelength, h is Planck's constant, c the velocity of light and q the electron 
charge. 
 
Figure 4. InAs1-xSbx cut-off wavelength as a function of Sb mole fraction. 
An important material parameter, when analysing detector current, is the intrinsic carrier 
concentration (ni). The pn-junction diode current is determined by the number of minority 
carriers, which is proportional to the square of the intrinsic carrier concentration. The intrinsic 
carrier concentration of InAs1-xSbx  as a function of temperature, T [K], and Sb mole fraction, 
x, is described by [2] 
( ) 




 −
×−×−×++= −−
kT
E
ETxxTTxn ggi 2
exp1073.61053.11022.450.835.1 4
3
2
3
14233   (3) 
0
2
4
6
8
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12
14
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X
λ 
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m
]
300 K
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InAsSb research thus far mainly focussed on the growth of device structures, optimising of 
the structures and improvement of the substrate material. Only rudimentary chemical 
processing was done thus far, mainly to define mesa structures and to enable metal contact 
fabrication to the different device layers. The processing done focussed on authenticating the 
device structure and the material properties. Very little work has been done on refining the 
individual process steps. This dissertation focuses on certain process steps that are essential 
for the fabrication of photodetectors based on InAsSb. In order to design a successful detector 
process, several individual process steps need to be perfected. The original substrate material 
must be prepared. Any damage or contamination that might have occurred during packaging 
and delivery must be cleaned away. For a photodetector, a well-defined p-type and n-type 
layer must be created to form the pn-junction. Electrical contact must be made to both the p- 
and the n-layer in order to read and interpret the response of the detector to incident radiation 
[2]. The optical area must be defined in such a way that only radiation incident on the optical 
area contributes to the current response read out at the above-mentioned electrical contacts. 
 
The dissertation is organised as follows: 
The fundamentals of infrared photodiodes as well as metal-insulator-semiconductor (MIS) 
capacitors will be discussed in chapter 2. Experimental processes and techniques will be 
summarised in chapter 3. This will include cleaning and etching procedures as well as 
anodisation as a surface passivation method. A stylus profiler, atomic force microscope as 
well as optical microscopy were used to characterise the results of cleaning and etching 
procedures. Auger electron spectroscopy was used to identify elements and chemical 
processes dominant on the semiconductor surface after cleaning and etching as well as 
anodisation. MIS capacitor devices were created to be able to use capacitance-versus-voltage 
measurements to evaluate the effect of the proposed surface passivation treatments on the 
semiconductor surface state density. Using the results of the cleaning and etching study, 
infrared photodiodes were processed on InAs0.91Sb0.09 material. Current-versus-voltage 
measurements as well as electro-optical measurements were done on theses diodes in order to 
evaluate the success of the proposed surface passivation treatments. In chapter 4 the results 
obtained during the above-mentioned will be presented and discussed, while the most 
important findings in this study will be summarised in chapter 5. 
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CHAPTER 2  
SEMICONDUCTOR DEVICES 
 
The aim of this dissertation is to define certain process steps needed to create an infrared 
photodiode. One of the techniques used to explore the semiconductor surface was to measure 
the capacitance-versus-voltage (C-V) characteristics of metal-insulator-semiconductor (MIS) 
capacitor devices created on the specific semiconductor material. The following sections will 
describe the operational principles of both infrared photodiodes as well as MIS capacitor 
devices. 
 
Infrared photodetectors 
Photovoltaic detectors are characterised by a built-in potential barrier. Optical excitation 
creates excess carriers in the vicinity of the potential barrier and the built-in electric field 
causes oppositely charged carriers to move in opposite directions [2].  
 
The most common example of such a structure is the abrupt p-n junction diode. Photons with 
energy greater than the band gap of the material, incident on the active area of the device, 
excite electron-hole pairs on both sides of the p-n junction. These electron-hole pairs reach the 
space charge region by diffusion mechanisms. Only minority carriers generated within a 
diffusion length of the space charge region will be accelerated by the strong built-in electrical 
field across the junction. Once these minority carriers reach the other side of the junction, they 
will be majority carriers and contribute to a reverse photo current.  
 
In the ideal case recombination and thermal generation of carriers occurs outside the space 
charge region. The diode current then consists of a forward bias current or a reverse bias 
current. The forward bias current is created by the recombination of excess minority carriers 
injected into neutral regions near the depletion region. The reverse bias current is the so called 
saturation current, caused by thermal generation of electron-hole pairs in the neutral regions - 
from these electron-hole pairs the minority carriers diffuse to the edge of the space charge 
region where they are swept across the junction region by the built-in electrical field. 
 
Ideally, the total reverse bias current is thus a combination of the diffusion current and the 
generation current. The total forward bias current is ideally the combination of carrier 
recombination in the neutral region and recombination in the space charge region. 
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In the non-ideal case the forward bias current is affected by the depletion region containing 
excess carriers of both types and recombination thus taking place inside the depletion region. 
The reverse bias current will be influenced by a lack of excess carriers inside the space charge 
region, which will lead to emission by recombination centres and give rise to a net current 
inside the space charge region. 
 
The figures of merit by which the performance of such a device are usually characterised will 
be described below. 
 
Quantum efficiency 
The quantum efficiency, η, describes the ability of the diode to detect radiation of a given 
energy or wavelength. It is defined as the number of electron-hole pairs generated per incident 
photon, defined by 
 
( ) 











=
hv
P
q
Ihv optP /η  (4) 
 
where IP is the photo-generated current, q the charge of a single electron, Popt the total power 
of incident photons and hv the energy of a single photon. IP/q is the number of optically 
generated carriers per second and Popt/hv is the number of photons of energy hv absorbed per 
second [2]. 
 
The quantum efficiency is strongly influenced by the thickness of the illuminated region of 
the device - the region should be thin enough in order for generated carriers to be able to 
reach the space charge region by diffusion. This figure of merit thus greatly depends on both 
the surface recombination velocity as well as the absorption coefficient. As the absorption 
coefficient increases, the depth at which the most efficient carrier generation takes place 
decreases. Usually the detector is designed so that most of the radiation is absorbed at one 
side of the junction, by either making that region very thin or choosing a material with band 
gap larger than the photon energy, so that most of the incident radiation will reach the built-in 
field at the junction before being absorbed. 
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In the case where the back contact is situated several minority carrier diffusion lengths, Le, 
away from the junction the quantum efficiency is approximated by 
 
( )
( ) e
e
L
Lr
λα
λα
η
+
−=
1
)1(  (5) 
 
where r is the reflection coefficient, α(λ) the absorption coefficient as a function of 
wavelength and Le the minority carrier diffusion length [2]. 
 
In the case where the back contact is less than a minority carrier diffusion length away, the 
quantum efficiency is approximated by [2] 
 
( )[ ]eLer λαη −−⋅−= 1)1(  (6) 
 
Spectral current responsivity 
The spectral current responsivity is defined as the ratio of generated photocurrent to incident 
optical power. The upper limit of responsivity is a function of the quantum efficiency as well 
as the particular wavelength, given by 
 
 
hc
qRi
λη
=    [A/W] (7) 
 
where λ is the wavelength, h is Planck's constant, c the velocity of light and q the electron 
charge [2]. 
 
The responsivity is the ratio of the rms value of the fundamental component of the electrical 
output signal to the rms value of the fundamental component of the input radiation power, 
 
)(
),(
λφ
λ
e
s
v
VfR =    [V/W] (8) 
 
where Vs is the signal voltage due to the spectral radiant incident power φ e [2]. 
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In the case where the source is limited with a narrow band optical filter the spectral emittance 
can be calculated through Planck's law [2], 
 
 
( )[ ]1/exp
2),( 5
2
−
=
kThc
hcTM Blackbody λλ
πλ    [Wcm-2µm-1] (9) 
 
In the case where a blackbody source is used with no optical filtering, the spectral emittance 
can be approximated by Stefan-Boltzmann's law [2], where σe is Stefan-Boltzmann's constant 
(5.670400 x10-8 Js-1m-2K-4). 
 
 4)( TTM eBlackbody σ=   [Wcm
-2µm-1] (10) 
 
The incident irradiance on the detector can then be calculated as follows 
 
( )
2
,
),(
d
TACFFTM
TH rBlackbodyBlackbodyBlackbody ⋅
⋅⋅∆⋅⋅
=
π
λλ
λ    [Wcm-2] (11) 
 
 
( )
2d
ACFFTM
H BlackbodyBlackbodyBlackbody ⋅
⋅⋅
=
π
   [Wcm-2] (12) 
 
where CFF is the chopper form factor, ∆λ the bandwidth of the narrow band optical filter, 
ABlackbody the blackbody aperture, Tr the transmission of the filter and d the distance between 
the blackbody aperture and the detector optical area [2]. 
 
The detector responsivity can then be calculated as follows 
 
DetectorBlackbody
Detector
Detector AH
IR
⋅
=    [AW-1] (13) 
 
where IDetector is the measured detector current and HBlackbody the radiation from the source 
incident on the optical area, Adetector, of the detector [2]. 
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Detectivity 
The main parameter characterising the signal to noise performance is the detectivity, which is 
given by 
 
 
iseDetectorno
DetectorDetector
I
AR
D
⋅
=*    [cmHz0.5W-1]    (14) 
 
where IDetectornoise is the noise current measured from the detector [2]. 
 
The ultimate performance of infrared detector systems is reached when the detector and 
amplifier noise are low compared to the photon noise [2]. The photon noise doesn't arise from 
any imperfections in the detector or any of its associated electronics but from the detection 
process itself, as a result of the discrete nature of the radiation field. The radiation falling on 
the detector is a composite of that from the target and that from the background. The practical 
operating limit for most infrared detectors is not the signal fluctuation limit but the 
background fluctuation limit, also known as the background limited infrared photo detector 
(BLIP) limit. The BLIP is only affected by the photon noise due to the fluctuation of the 
incidental optical radiation. All other noises in the detector system should be kept below the 
photon noise to achieve the BLIP performance.  
 
Response time 
Detector response time is the main limiting factor to the frequency response of the detector. 
The response time is influenced both by the time it takes the carriers to cross the depletion 
region, i.e. the depletion region transit time, and the RC time constant. The RC time constant 
consists of the depletion region capacitance and the total resistance of the detector system 
with its readout electronics. 
 
Assuming the diffusion length is greater than both the diode thickness and the absorption 
depth, the 3 dB cut off frequency of the frequency response is given by 
 
22
43.2
d
e
Diff t
Df
⋅⋅
⋅
=
π
   [Hz] (15) 
 
where De is the diffusion constant and td the diode thickness [2]. 
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The depletion region transit time is given by 
 
 
s
Dep
v
W
t =    [s] (16) 
 
where WDep is the depletion region width and vs is the carrier saturation drift velocity in the 
junction electric field [2]. 
 
The RC time constant is in practice the most serious limitation to the response time and is 
given by [2] 
 
 
2
1
0
2





 ⋅⋅⋅
⋅
=
V
qRA sT
RC
εε
τ    [s]  (17) 
 
where  
 
 
Lds
Ls
dT RRR
RRRR
++
+
⋅=    [Ω]  (18) 
 
Rs is the series resistance, Rd the diode resistance and RL the load resistance. V is the bias 
voltage, ε0 the permittivity of free space and εs the relative permittivity of the semiconductor 
[2]. To reduce the RC time constant one can decrease the majority carrier concentrations 
adjacent to the junction, increase V by means of a reverse bias, decrease the junction area or 
lower either the diode resistance or the load resistance. Except for the application of a reverse 
bias all of these changes reduce the detectivity. There exists, therefore, a trade-off between 
response time and detectivity. 
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Metal insulator semiconductor devices 
In figure 5 the structural layout of the metal-insulator-semiconductor capacitor is illustrated 
[12]. The fundamental component is a metal electrode, referred to as the gate electrode, 
separated from a semiconductor substrate by a thin insulating layer. The bottom electrode is 
formed by the semiconductor, which has a limited number of holes and electrons. Since the 
semiconductor can be depleted of carriers by the application of an appropriate bias voltage to 
the gate, the capacitance of this device has a non-linear dependence on bias voltage, VG. 
 
 
 
 
 
Figure 5. Metal insulator semiconductor capacitor structure [12]. 
The condition of the substrate directly below the gate electrode can be categorised as a 
function of the bias voltage as being either in a state of accumulation, depletion or inversion. 
These three conditions will be illustrated by using the example of a p-type substrate, but the 
current mechanisms are appropriate to both p- and n-type substrates. 
 
The MIS capacitor operating in the accumulation region is illustrated in figure 6. For the 
surface region to be in accumulation, the gate bias voltage has to be much smaller than the 
threshold voltage. The large negative charge on the metal plate will be balanced by holes 
which are attracted towards the interface between the semiconductor and the oxide 
(insulation) layer. Holes accumulate only in the layer directly underneath the metal contact. 
For this bias condition the hole density at the surface of the p-type semiconductor is larger 
than that found in the bulk of the semiconductor, hence the term accumulation. 
TOX 
VG 
p-type semiconductor substrate or “body” 
Metal electrode or “gate” 
Oxide 
p 
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Figure 6. MIS capacitor operating in the accumulation mode [12]. 
The MIS capacitor operating in the depletion mode is illustrated in figure 7. When the gate 
bias voltage is slowly increased (i.e. made increasingly more positive), the gate electrode 
becomes positively charged. Holes are repelled from the surface until eventually the hole 
density near the semiconductor surface is smaller than the majority carrier density set by the 
substrate doping level. The substrate surface thus becomes depleted of majority carriers, 
similar to the depletion region that exists near the metallurgical interface of a pn-junction. 
This condition is referred to as depletion. The width of the depletion region, Wd, varies 
according to the gate bias voltage as well as the substrate doping level. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. MIS capacitor operating in the depletion mode [12]. 
In figure 8 the MIS capacitor operating in the inversion region is illustrated. When the gate 
bias voltage is further increased, electrons are attracted to the semiconductor surface. 
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Electrons will accumulate at the surface until there exists a region where the electron density 
will exceed that of the hole density and the substrate surface will change polarity from p-type 
to n-type. This condition is known as inversion. Inversion occurs in a very shallow region and 
exists merely as a charge sheet directly beneath the gate electrode. The positive voltage on the 
gate electrode is balanced by the combination of the electrons in the inversion layer and a 
negative ionic acceptor charge in the depletion region. The voltage at which the surface layer 
changes polarity is called the threshold voltage VTN. 
 
 
Figure 8. MIS capacitor operating in the inversion mode [12]. 
 
p 
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CHAPTER 3  
EXPERIMENTAL TECHNIQUES AND PROCEDURES 
 
3.1 Introduction 
In this chapter the experimental techniques employed and procedures followed in this study 
will be discussed. The discussion will start off with cleaning and etching procedures followed 
in order to identify the most useful etchants for InAs and InSb. This will include the masking 
of the material and stylus profiler measurements used to obtain etch rates and to determine 
etch rate repeatability. 
  
Atomic force microscopy (AFM) and optical microscopy were used in order to evaluate the 
surface roughness resulting from the use of a specific etchant. The anodisation set-up used in 
the surface passivation process will also be discussed. Auger electron spectroscopy (AES) 
techniques were applied in order to identify the elements present on the surface after either 
etching or etching combined with the application of an anodic layer. Combined with AES, 
argon sputtering was used to obtain scanning Auger measurements (SAM). 
 
Auger electron spectroscopy measurements were done to identify elements on the 
semiconductor surface but do not give an indication of the resulting change to the surface 
states influencing the energy band gap. Metal insulator semiconductor (MIS) devices were 
processed on both the InAs and InSb material to enable the use of capacitance-versus-voltage 
(C-V) measurements in order to obtain an indication of the semiconductor surface state 
density. The instrumentation used for C-V measurements will also be outlined in this chapter. 
 
Infrared photodiodes were processed on InAsSb material and current-versus-voltage (I-V) 
measurements were performed to determine the efficiency of the specific anodising solutions 
in suppressing the reverse bias dark current. Electro-optical measurements were performed to 
evaluate the success of the specific anodic layers, acting as surface passivation layers to 
improve the responsivity of the detectors, noise and the resulting detectivities. Relative 
responsivity measurements were performed to determine the wavelength region in which the 
specific devices would be appropriate for infrared detection. 
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3.2 Processing techniques for cleaning and etching 
Surface degrease 
Throughout the experiments mentioned in this work, the following degreasing procedure was 
used: two beakers of trichloro-ethylene, one beaker of iso-propanol and one beaker of de-
ionised water were heated to 60 °C. Each sample was cleaned by rinsing it twice in hot 
trichloro-ethylene for 30 seconds and then pulling it dry after a 30 second rinse in iso-
propanol. After a final rinse in hot de-ionised water, for 30 seconds, it was dried with nitrogen 
gas. 
 
Etching and the determination of etch rates and repeatability 
The etching solutions that were evaluated on both InAs and InSb samples are listed in table 2. 
A number of material properties have a great influence on the resultant etch rate, including the 
crystal orientation, the doping type and doping concentration. All these etchants are made up 
of an oxidising component and an acid that removes the oxidised material - creating a dual 
step process. 
Table 2. Etching solutions. 
Lactic acid  
[13-15] 
C3H6O3 (90%) : HNO3 (65%) : [ 2 ml HF (50%) + 2 ml H2O ] 
200 ml : 20 ml : 1.2 ml 
Sulphuric acid  
[16-23] 
H2SO4 (95-97 %) : H2O2  (30%) : H2O 
50 ml : 1 ml : 100 ml 
Acetic acid 
[24, 25] 
HF (50%) : CH3COOH (90%) : HNO3  (65%) 
10 ml : 10 ml : 30 ml 
Ammonium NH3 (25%) : H2O : H2O2 (30%) 120 ml : 120 ml : 1ml 
Hydrochloric acid 
[16, 23, 24] 
HCl (37%): H2O : H2O2 (30%) 
100 ml : 100 ml : 1 ml 
 
For a first order investigation each of the etching solutions in table 2, except for the lactic acid 
based etchant, was tested on both InAs and InSb at room temperature. The lactic acid based 
etchant was only used at 50 °C, because it is well established that this is its optimal 
temperature for etching. 
 
The etch rate, especially on the InAs, was found to be very slow. Further experiments were 
done to determine whether higher temperatures would improve the etch rate and how that 
would affect the quality of the etched surface.  
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In order to determine the etch rate, each sample was partially covered with resist. In all but the 
case of the acetic acid based etchant S1818 photo-resist was applied using a cotton stick. 
Subsequently the sample was baked on a hotplate for four minutes at 90 °C, in order to harden 
the photo-resist.  
 
In the case of the acetic acid based etchant, which proved to delaminate the photo-resist, 
Apiezon wax W100 was used to screen part of the surface area. A drop of molten wax was 
mixed with trichloro-ethylene and applied over part of the sample surface, using a cotton 
stick. The sample was then baked on a hot plate for three minutes at 70 °C in order to let all 
the trichloro-ethylene evaporate. 
 
The sample was immersed in the etchant, thus exposing the area not covered with resist. 
While etching, the sample was moved very slowly (about 6 mm per second) forwards and 
backwards, diagonally through the beaker. After etching, while keeping very exact note of the 
etching period, the sample was immersed in de-ionised water to quickly rinse off the 
chemicals. The sample was then thoroughly rinsed under running de-ionised water and dried 
with nitrogen gas. The photo-resist was removed with hot acetone after which the etched step 
was measured using an Alpha Step stylus profiler. In order to determine the repeatability the 
experiment was repeated at least three times for each specific temperature, etchant and 
material. 
 
Temperature control on the etching solutions was achieved by first heating a glass bowl of 
water on a hot plate and letting the water stabilise at the desired temperature. The etchant was 
then placed in a polypropylene beaker inside the bowl of water. 
 
In the cases where hydrogen peroxide was part of the etchant, it was not added to the rest of 
the solution until the solution had reached the desired etch temperature, in order to 
compensate for the evaporative nature of the hydrogen peroxide. After a certain period of 
time, which depended on the temperature, the hydrogen peroxide started to form bubbles that 
clung to the surface of the sample, the tweezers and the sides of the beaker. A very rough 
structure was etched wherever these bubbles resided. 
 
In order to determine the amount of under-etching, a very thin layer of photo-resist was 
applied to the sample by spinning S1805 photo-resist at 6000 rpm onto the surface. Structures 
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were etched onto the sample by exposing it through a photolithographic mask and developing 
patterns in the photo-resist. Because the samples were very small, the photo-resist formed a 
thicker layer around the outer edges and at the corners of the sample. For better resolution of 
the mask pattern, the outer edges and corners were exposed and developed away first, thus 
using two photo processes for each etch sample. For every applicable etchant it was aimed to 
etch away at least 1 µm of material. In optical microscopy (at large magnifications), under-
etching was evidenced by a double-edged pattern in the photo-resist, indicating that material 
was removed from underneath the photo-resist. The extent of under-etching was measured 
using the crosshair of the microscope at a magnification of one thousand. 
 
3.3 Anodisation process 
The surface passivation technique that was explored entails anodisation using either a KOH, 
Na2S or (NH4)2S solution. Anodisation was performed after approximately 1 µm of surface 
material had been removed, using either the lactic acid based etchant or the sulphuric acid 
based etchant. 
 
The KOH solution was mixed according to the following ratio: 0.1 mol KOH diluted in 1 litre 
of solvent. The solvent comprised 90 % Ethylene glycol and 10 % de-ionised water by 
volume. Thus, the KOH anodising solution was (5.6 g) KOH + (900 ml) C2H6O2 + (100 ml) 
H2O. 
 
The Na2S solution was mixed according to the following ratio: 1 mol sodium sulphide hydrate 
8H2O dissolved in 1 litre of ethylene glycol. Thus, the Na2S anodising solution was (222 g) 
Na2S 8H2O + (1l) C2H6O2. 
 
The ammonium sulphide solution, (NH4)2S GR for analyses (Merck product number 105442), 
was used as purchased from the supplier. 
 
In figure 9 the anodisation set-up used throughout all the procedures referred to in this 
dissertation is shown schematically. A current source with voltage limiting capabilities was 
used to establish and maintain a current in the circuit. A voltmeter and an ammeter were 
connected as shown to monitor the current and the potential difference throughout the 
process. The positive terminal of the current source was connected to the semiconductor 
surface through a conductive probe needle. The outside of the probe needle was covered with 
electrical isolation before use. Only the bottom of its tip, which contacted the semiconductor 
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surface, and the connection to the electrical wire was left open for conduction. A gold wire 
(98 %) was twisted to form an electric field surrounding the semiconductor sample and 
connected to the negative terminal of the current source. The anodising solution was poured to 
fill the beaker, completely covering the sample and thus completing the current loop. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Anodisation set-up 
The initial current in the circuit was selected to be 80 µA, giving a current density of 0.3 
mA/cm2. It was observed that the current decreased rapidly after the anodisation process 
commenced, after which the rate of decrease became smaller. This obviously depended on the 
anodising solution, as will be discussed in section 4.3. The current finally reached a minimum 
value when surface passivation was completed or when the voltage reached the 10 V limit. 
This typically occurred after 10 min. 
 
3.4 Metal-insulator- semiconductor capacitor fabrication 
Samples were taken from n-InAs and n-InSb substrate material. All samples were degreased 
and subsequently, approximately 1 µm was removed from samples of both material types 
using either a sulphuric acid based etchant or a lactic acid based etchant (see table 2 for a 
description of the etching solutions). This was followed by an anodisation step using either a 
KOH, Na2S or (NH4)2S solution.  
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During anodisation the applied current was kept constant at 80 µA, giving a current density of 
0.3 mA/cm2. The resulting voltage was constrained below 10 V. Pieces of degreased InSb and 
InAs, without any further surface treatment, were used as references for the original surface 
state density. A low temperature (160 °C) CVD (chemical vapour deposition) process was 
then used to deposit a SiO2 layer on all samples. The MIS structures were finally completed 
by evaporating Ti-Au contacts onto both the oxide and exposed regions of the substrate 
surface. 
 
In figure 10 a rough indication of the resultant structure of the MIS capacitor is illustrated. It 
is clear that the active area of the MIS capacitor is determined by the Au contact situated on 
the SiO2 layer. 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. The metal-semiconductor-capacitor device structure (not to scale). 
 
3.5 Capacitance-versus-voltage measurements 
All capacitance-versus-voltage measurements were performed at 77 K, using liquid nitrogen 
probe station. Measurements were done in the dark using a partially shielding cover that was 
treated with Kalguard.  
 
A 1 MHz, 40 mV peak-to-peak sinusoidal modulation signal was superimposed on the applied 
ramp voltage. To evaluate fast and fixed surface states on the InSb samples, the resulting 
capacitance was measured against an applied ramp voltage rate of 10 mV/s. Slow surface 
states were evaluated using an applied ramp voltage rate of 1 mV/s. Capacitors manufactured 
Au contact to the semiconductor 
substrate 
Au contact forming the gate  
area of the MIS capacitor 
SiO2 layer forming the isolation 
layer 
Anodisation layer 
Semiconductor substrate 
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on the InAs material proved to be much more noisy. Fast and fixed surface states were thus 
evaluated using a voltage ramp rate 80 mV/s. Slow surface states were evaluated using curves 
fitted to capacitance values obtained using a ramp voltage rate of 1 mV/s. 
 
In figure 11 a graphical representation of theoretical capacitance-versus-voltage curves, 
measured at high as well as low frequencies is given. The flat band voltage theoretically 
occurs when the surface potential equals zero [26]. For an n-type semiconductor this will 
denote the voltage beyond which a larger negative applied gate voltage would cause the 
capacitor to start going into depletion. It specifies the boundary between the depletion and 
accumulation modes. Fixed surface states will cause the semiconductor surface potential to 
differ from the value of the externally applied gate voltage [27-39]. The fixed surface state 
density is thus directly related to the departure of the flat band voltage from zero applied gate 
voltage. In practice (section 4.3) the flatband voltage was graphically determined from the 
measured C-V characteristics, according to the ideal graph shown in figure 11.  
 
0.0
0.5
1.0
1.5
-1 0 1
Gate bias voltage [V]
N
or
m
al
is
ed
 c
ap
ac
ita
nc
e
Low frequency
High frequency
Accumulation
Depletion
Inversion
Flat bands
 
Figure 11. Theoretic capacitance-versus-voltage curves for high and low frequencies. 
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The fixed surface state density is given by 
 
qA
CVN oxFBFixed =    [number of states m-2 eV
-1]      (19) 
 
where VFB is the applied gate voltage at flat band conditions, Cox the insulator capacitance, A 
the gate metal contact area and q the electronic charge.  
 
When the applied voltage ramp is swept in the forward direction, slow surface states cause the 
flat band voltage to differ from when it is swept in the reverse direction. The difference in 
applied gate voltage at flat band conditions, ΔVFB, can be used to obtain the concentration of 
slow surface states using 
 
ϕd
Vd
qA
CN FBoxSlow
∆
=    [number of states m-2 eV-1]   (20) 
 
where φ is the semiconductor surface potential. The phenomenon can be explained by 
electrons filling slow traps at positive bias and then being removed when a negative bias is 
applied [27-40]. Higher densities of slow states will cause this hysteresis effect to increase.  
 
On the capacitance-versus-voltage curve the rate of transition from the accumulation region to 
the depletion region gives an indication of the number of fast surface states that are present 
[27-40]. A steeper slope in the transition region will thus indicate that a smaller number of 
surface states is involved. 
 
3.6 Infrared photodiode processing 
The structure that was processed and evaluated in this work was based on the design by 
Bubulac et al. [41]. A p-i-n structure consisting of p-InAs0.91Sb0.09/n-InAs0.91Sb0.09/n-GaSb 
were grown by MOCVD, commissioned from Spire Bandwidth Semiconductor, LLC, situated 
in Hudson (New Hampshire, U.S.A). The GaSb substrate <111>A (487 µm thick) is Te doped 
to a carrier concentration of 2 x 1017 cm-3. The p-InAs0.91Sb0.09 layer (7 µm thick) is Zn doped 
to a carrier concentration of 2 x 1018 cm-3 and the n-InAs0.91Sb0.09 layer (3 µm thick) not 
intentionally doped to a carrier concentration of 3 x 1016 cm-3. The objective of this 
experiment was to investigate the effects of an anodic layer with respect to surface 
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passivation. In section 4.3 the success of the strategy was tested with the use of C-V 
measurements on MIS devices. In section 4.4 the success of the passivation strategy will be 
evaluated through the resulting influence on the dark current of an infrared photodetector. 
 
A schematic diagram of the detector structure is shown in figure 12. The detector processing 
was based on the results obtained from the etching and passivation studies that will be 
discussed in section 4.2. First of all a mesa pattern was deposited by standard 
photolithographic procedures and etched to a depth of 8 µm. The sulphuric acid based etchant 
referred to in table 2 was used at 30 ˚C for 24 minutes, resulting in a m esa height varying 
from 7.5 µm to 8.8 µm across the sample. The next step was the growth of an anodic layer in 
order to passivate the etched surface. In addition to the three anodic solutions discussed in 
section 3.3 (KOH, Na2S and (NH4)2S) a sample was left unpassivated to act as a reference. 
Finally a 6000 Å SiO2 layer was deposited by UV enhanced CVD (ultraviolet enhanced 
chemical vapour deposition) to act as an anti-reflection layer before metal contacts were 
thermally evaporated. The metal contacts consisted of 60 nm Ti followed by 1.2 µm Au. In 
addition to achieving electrical contact, the metal layer also served to define the optical area 
with a 4 mm diameter. 
 
 
Figure 12.  The InAsSb diode structure. 
 
3.7 Current-versus-voltage measurements 
Diode current-versus-voltage (I-V) characteristics were measured by sweeping a bias voltage 
applied to the diode and at the same time measuring the current output from the diode. When 
measuring the I-V characteristics of a diode it is important to use a current limiting meter. 
• Au contacts 
• Anti reflection oxide 
• Anodic layer 
• p-InAs0.91Sb0.09 
• n-InAs0.91Sb0.09 
• n-GaSb substrate 
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When measuring in the forward bias direction or past the diode's reverse breakdown voltage 
without current limiting, the diode will be irreparably damaged. 
 
All I-V measurements were done under dark room conditions. The I-V characteristics were 
measured using an Agilent 1500A parameter analyser. For room temperature measurements 
the I-V curve was measured from -1.5 V to +1.5 V with the current limited to 3 mA. For 
measurements at 77 K the output voltage was swept from -1 V to + 1 V with the current 
limited to 100 µA. 
 
The important parameters to extract from the I-V curve are the series resistance (Rs), the zero 
bias resistance (R0), the zero bias current (I0) and the reverse bias current. Reverse bias 
currents were measured at 200 mV (I -200mV) and at 400 mV (I- 400mV). 
 
The series resistance Rs is determined from the derivative of the I-V curve. It is the lowest 
resistance value taken in the region where the I-V relationship makes an upward curve 
(forward biased region), just before it saturates at the positive current limit. The derivative is 
calculated by taking two consecutively measured co-ordinates and dividing their voltage 
difference by their current difference.  
 
 
I
VR
∆
∆
=  [Ω]        (21) 
 
The series resistance includes the resistance of the contact to the semiconductor, that of the 
interconnection lines to the probing pads as well as the wiring between the measurement set-
up and the detector. The most critical contribution is from the contacts to the semiconductor. 
If the substrate is not ultra-clean before the metal contacts are deposited the series resistance 
will be so large that it will be impossible to reliably measure the characteristic diode I-V 
curve - most of the applied bias voltage will simply appear over the metal-semiconductor 
contacts. 
 
The zero bias resistance of the detector, R0, is the derivative of the I-V curve at zero bias 
voltage, this is influenced by both the material resistance and the size of the active area of the 
diode. The R0A product, where A is the active area of the diode, is a figure of merit used to 
compare diodes with different active areas. Diodes with larger active areas tend to have 
smaller R0 values. 
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The reverse bias dark current is important because it will set the limit to which photon current 
can be detected. At a constant temperature the dark current is a constant value and only 
photon currents larger than that will contribute to the responsivity of the detector. In section 
4.4 the detector current measured at zero bias voltage, I0, the detector current measured at 
0.20 V, I-0.200V, and the detector current measured at 0.40V reverse bias voltage, I -0.400 V, will 
be shown. 
 
3.8 Electro-optical measurements 
Relative responsivity measurements 
The relative responsivity was measured using a Nernst glow source. This source radiates at all 
wavelengths (i.e. provides a blackbody spectrum). By placing a monochromator in the optical 
path, specific wavelengths can be selected. The light from the monochromator was directed 
unto an optic mirror table, which reflected 30 % of the signal to a reference detector and 70 % 
to the processed InAsSb detector. 
 
The reference detector was a ZnSe pyroelectric detector with a wavelength independent 
responsivity, in the range 1.2 µm to 14 µm. Due to the wavelength dependence of the 
monochromator throughput, the signal from the detector under test was normalised against the 
output from the reference detector. 
 
Responsivity measurements 
In order to do absolute responsivity measurements, the diode structures were mounted inside 
experimental dewars, each with a sapphire window, yielding an average transmission of 80 % 
within the applicable wavelength region. In order for them to be cooled to 77 K the dewars 
were evacuated to a pressure below 2 x 10-2 mbar. The transmission spectra of the sapphire 
window with which the experimental dewar was closed off is shown in figure 13. It can be 
seen that the average window transmission in the region where the diode response is 
measured (i.e. 2.3 to 4.8 µm) is 80 %. This 20 % signal loss must be compensated for when 
calculating the responsivity value. 
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Figure 13. Transmission spectra of the sapphire window on the experimental dewars. 
The parameters for responsivity measurements are shown in table 3. The detector was set to 
view a 1000 K blackbody source. A chopper blade in the optical path modulated the signal at 
2 kHz. The detector output was amplified by a low noise transimpedance amplifier with a 
gain of 1 MΩ and measured with an HP3561A dynamic signal analyser. 
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Table 3. Parameters for electro-optical measurements of photodiode responsivity. 
PARAMETER UNITS VALUE 
Average dewar window transmission % 80 
Black body temperature K 1000 
Black body distance cm 10.19 
Aperture of source opening cm 0.33 
Chopper form factor - 0.354 
Frequency for signal measurements Hz 2000 
Frequency for noise measurements Hz 3000 
Background temperature K 295±3 
Background emissivity - > 0.9 
Bias voltage for noise measurements  V 0 
Bias voltage for D* measurements V 0 
Bias voltage for responsivity measurements V 0 
 
The responsivity (R) was calculated using equations 10 to 13, stated in section 2.2 [2]. The 
blackbody irradiance was calculated by integrating the product of the spectral emittance of the 
blackbody and the transmittance of the filter over the relevant wavelength region. The spectral 
emittance of the blackbody was calculated using equation 10. The irradiance falling unto the 
detector was calculated from equation 12. The current output of the detector was measured 
using a low noise transimpedance amplifier and the detector responsivity could then be 
calculated from equation 13. 
 
Noise measurements 
To perform noise measurements the structures were mounted inside experimental dewars, 
each with a sapphire window yielding an average transmission of 80 % over the applicable 
wavelength region. As above, the diodes inside the dewars were cooled to 77 K.  
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The detector was positioned to view a blackbody at room temperature, with an emissivity of 
greater than 0.9. The detector signal was amplified by a low noise transimpedance amplifier, 
with its gain set to 1 MΩ and the voltage spectral density measured by an HP3561A dynamic 
signal analyser. The detector noise current was then calculated by dividing the voltage 
spectral density of the detector by the amplifier gain. 
 
Detectivity calculation 
The measured values for the responsivity of the detector and the noise current of the detector 
were used to calculate the detectivity. The detectivity is the responsivity of the detector, 
divided by the noise current of the detector and multiplied by the square root of the optical 
area of the detector (see equation 14). 
 
3.9 Atomic force microscopy 
The atomic force microscope (AFM) is a scanning probe microscope. Among other functions 
it is able to give a geographic surface image that is accurate to a nanometre. Its resolution is 
1000 times better than the optical diffraction limit [42].  In this study the AFM, model 
Shimadzu SPM-9600 Scanning Probe Microscope, was used in scanning mode with a 125 µm 
scanner. 
 
In figure 14 the components of an AFM are shown schematically. The system consists of a 
micro cantilever with a sharp tip made of silicon or silicon nitride. The radius of curvature of 
the tip could be in the order of nanometres, depending on the roughness of the surface that 
needs to be measured. 
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Figure 14. Schematic illustration of a typical AFM [42]. 
The sample is mounted on a piezoelectric tube that moves in the z direction in order to 
maintain a constant force between the sample surface and the probe tip. As the tip moves 
closely over the surface, forces between the probe tip and the sample causes the cantilever to 
be deflected, according to Hooke's law. The mechanical force measured in this work was due 
to the Van der Waals forces between the tip and the atoms on the surface of the sample. The 
cantilever deflection is normally measured by reflecting a laser from its top onto an array of 
photodiodes. 
 
Two sets of data can be obtained from the AFM at the University of the Free State. Both the 
force data and the deflection data were recorded. Typically a 5 µm x 5 µm area was scanned 
on each sample.  
 
3.10 Optical microscopy 
Photographs were taken of treated and untreated surfaces, in order to compare the surface 
roughness resulting from the different etchants that have been investigated. All photographs 
displayed in this dissertation were taken at a microscope magnification of four hundred. 
 
  32 
3.11 Auger electron spectroscopy 
The following section describes the Auger electron spectroscopy (AES) technique and the 
specific instrumentation used to study the surface contamination of both InAs and InSb 
samples after various chemical treatments. AES and scanning Auger measurements (SAM) 
were done on both the etched samples and the anodised samples, using the SAM setup (model 
PHI 595 Scanning Auger Microprobe) courtesy of the university of the Free State.  
 
AES measurements can give information on the elements present on the surface of a sample 
as well as information about the chemistry involving these elements (i.e. whether they are 
bound to other elements). Chemical effects include changes in the peak energy (the so-called 
chemical shift), changes in the relative intensities of the peaks (Auger peak-to-peak height) 
and also changes in the peak shape [42-46]. 
 
The basic components of an Auger electron spectrometer are an electron gun and an electron 
signal analyser. The electron gun fires electrons (the primary electrons) onto the target atoms 
and so different electron shells are ionised. Electrons from other shells fill up these ionised 
states and energy is released either by an emitted photon (X-ray) or by transmitting the energy 
to another electron in the outer shell, which is then emitted from the atom as an Auger 
electron or secondary electron [45, 47-52]. 
 
A graphical representation of the electron interaction during the Auger process is presented in 
figure 15 [53]. First, an incident electron creates a hole in a core shell (like the 1s orbital). 
Subsequently another electron from (say) the 2s orbital fills the 1s hole and the transition 
energy is imparted to (say) a 2p electron, which is emitted. The final atomic state thus has two 
holes, one in the 2s orbital and the other in the 2p orbital [53]. 
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Figure 15. Electron interaction in the Auger process [53]. 
The Auger process thus involves three atomic energy levels and always includes at least one 
valence level. All elements except hydrogen and helium produce high Auger electron yields. 
The electron signal analyser detects secondary electrons as a function of kinetic energy, thus 
yielding their energy distribution.  
 
Only electrons that reach the surface without inelastic scattering can be detected. AES 
analysis is thus restricted to the first few atomic layers, making it unsuitable for bulk analysis. 
The Auger electrons are superimposed on a large and smoothly varying background 
consisting of backscattered primary electrons and inelastically scattered Auger electrons. In 
order to enhance the signal-to-noise ratio, Auger peaks are extracted by electronic 
differentiation of the measured energy distribution, giving dN(E)/dE. Detected Auger peaks 
are characteristic of the specific element that is analysed. 
 
By using argon sputtering, surface layers can be removed, enabling one to measure a depth 
profile of selected elements. Even after careful removal of surface contaminants the measured 
composition of a sample may still differ from that of the bulk material due to segregation or 
preferential sputtering effects. Bouslama et al. [49] reported that after argon bombardment of 
InSb, small islands of indium were formed on the surface, thus producing a depletion of 
  34 
antimony from the surface. They used electron-stimulated oxidation and found that oxidation 
first favoured these indium islands and only after breaking of the In-Sb bonds did the 
antimony participate in the oxidation process. 
 
Sample preparation 
All samples were degreased, using the method described in section 3.2. The etchants, with 
their optimal parameters as described in sections 3.2 and 4.2 respectively, were used to 
prepare the samples for Auger surface studies. Etching times were chosen to remove 
approximately 1 µm of the surface material, except for the ammonia based solution where 
previous results indicate that no etching took place. The etching temperature and period used 
for each etchant, are indicated in table 4. 
Table 4. Etching times and temperatures used for different etchants on InSb and InAs prior to 
Auger studies. 
 InSb Time, Temperature 
InAs 
Time, Temperature 
Lactic acid  22 s, 50 ˚C 3 min, 50 ˚C 
Sulphuric acid  1 min 20 s, 30 ˚C 3 min 4 s, 30 ˚C 
Acetic acid dip, 24 ˚C 1.6 s, 24˚C 
Ammonium 2 min, 30 ˚C 2 min, 30 ˚C 
Hydrochloric acid 2 min 12 s, 35 ˚C 4 min 50 s, 40 ˚C 
 
AES studies were done with regards to three anodising procedures. Results obtained during 
the material cleaning and etching experiments indicated the lactic acid and the sulphuric acid 
based etchants to be the best candidates for device processing on InSb and InAs. For both 
InSb and InAs, the samples were etched with either the lactic acid based etchant or the 
sulphuric acid based etchant, after which the surface was anodised. During the etching 
preparation the same solutions noted in table 2 were used in order to remove about 1 µm of 
material from the surface of each sample. The effects of KOH, Na2S and (NH4)2S anodising 
solutions were tested. Anodising times for samples prepared with the lactic acid and the 
sulphuric acid based etchants are shown in table 5. 
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Table 5. Anodising times and final surface current, for InSb and InAs samples prepared with 
the lactic acid based and the sulphuric acid based etching solutions. 
 
The scanning Auger measurements were performed under the conditions noted in table 6. The 
base pressure was 3 x 10-8 Torr without argon gas and 2 x 10-7 Torr when the argon gas was 
added to the chamber. 
 
Table 6. Scanning Auger measurement set-up. 
Electron beam set-up Argon beam set-up 
Filament current 1.65 [A] Pressure 15 x 10-3 [Pa] 
Emission current 
0.25 [mA] 
5 [keV] 
Emission 25 [mA] 
Beam current 
4 x 10-6 [A] 
2 [keV] 
Beam voltage 2 [kV] 
Electron multiplier  
(image) 
1.2 [kV] Raster size 2 x 2 [mm] 
Electron multiplier  
(elastic peak) 
1.0 [kV] 
Beam current  
(without raster) 
4.6 x 10-8 [A] 
Electron multiplier  
(Auger) 
1.7 [kV] 
Beam current  
(with raster) 
1.1 x 10-8 [A] 
 
 
InSb InAs 
Time Final surface 
current 
Time Final surface 
current 
Lactic acid, 
KOH 13 min 40.0 µA 10 min 6.0 µA 
Lactic acid, 
Na2S 
25 min 45.3 µA 11 min 35.0 µA 
Lactic acid, 
(NH4)2S 
13 min 63.0 µA 7 min 70 µA 
Sulphuric acid, 
KOH 15 min 42.0 µA 10 min 5.0 µA 
Sulphuric acid, 
Na2S 
20 min 6.7 µA 10 min 13.0 µA 
Sulphuric acid, 
(NH4)2S 
20 min 81.0 µA 20 min 87.0 µA 
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Normalisation with regards to the sensitivity factors for the different elements was done 
according to the following relationship [54]. 
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C(1) is the normalised intensity of the first element, APPH(1) is the measured Auger peak-to-
peak height for the first element and F(1) is the sensitivity factor for the first element. All 
monitored elements should be included in this equation. The sensitivity factors used for the 
different elements were taken from published data [54] and are shown in table 7. It should be 
noted that in addition to the main peak at 405 eV, the pure indium spectrum features another 
prominent peak at 412 eV as well as several smaller peaks (63 eV, 198 eV, 300 eV, 346 eV 
and 567 eV). In addition to its main peak at 458 eV, the pure antimony spectrum also features 
another prominent peak at 466 eV. 
 
Table 7. Sensitivity factors used to create normalised depth profiles [54]. 
Element Atomic number Sensitivity factor at 5 keV 
Energy 
[eV] 
In 49 2.1816 405 
As 33 0.2483 1118 
  0.4612 1229 
  0.9617 1264 
Sb 51 2.6232 458 
C 6 0.4763 275 
O 8 1.1012 510 
Cl 17 8.1285 184 
S 16 3.8798 153 
F 9 2.6720 659 
N 7 0.9157 389 
 
Before every set of samples was loaded into the machine, the spectrometer was calibrated 
using a Cu standard. The high energy Cu peak was calibrated to be at 922 eV and the low 
energy peak to be at 66 eV. The sensitivity factors taken from the literature are not entirely 
correct and are different for every SAM set-up. However, the values taken from literature 
should closely resemble the real sensitivity factors. The only way to get the correct specific 
sensitivity factors is to measure standard samples of each element on the instrument 
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concerned. These standard samples are not readily available, but the relative trends shown in 
this study should still be valid, even if not quantitatively accurate. 
 
The error in the sensitivity factors can be deduced from the ratio obtained between the group 
III and V elements indium, antimony and arsenic in the depth profiles. For InSb as well as for  
InAs bulk material, the elemental ratios In:Sb and In:As - should both be 1:1. The 
instrumentation used in the present work, however, yielded values of 5:3 and 2:1 for In:Sb 
and In:As respectively, which clearly indicates that the sensitivity factors taken from literature 
are not accurate for this specific system. 
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CHAPTER 4  
EXPERIMENTAL RESULTS 
4.1 Introduction 
The following chapter describes the experimental results obtained using the methods 
discussed in chapter 3. 
 
Initial experiments were performed to evaluate the usefulness of the possible etchants for the 
processing of InAsSb based photodiodes. The etchants were judged according to their etch 
rate, repeatability, patterning possibilities through photolithography, as well as the roughness 
of the resultant surface. The experiments were done on both InAs and InSb samples, covering 
both Sb-mole fraction extremes of the InAs1-xSbx material system. After etching, the surfaces 
were examined using AES in order to identify the surface contaminants.  
 
The etchants were thus evaluated to determine their usefulness in cleaning the surface as well 
as their possible use in the patterning of device structures. For both materials investigated, the 
lactic acid based etchant and the sulphuric acid based etchant were decided upon for reasons 
that will be discussed shortly. These two etchants were used in further studies to investigate 
surface passivation. 
 
Anodisation as a possible surface passivation strategy was examined, using KOH, Na2S and 
(NH4)2S as anodising solutions. Auger electron spectroscopy measurements were performed 
in order to identify the elements and possibly any compounds (such as oxides) remaining on 
the surface after anodisation. Metal-insulator-semiconductor (MIS) capacitors were also 
processed in order to evaluate the affect of the surface passivation strategies on the 
semiconductor surface state density. 
 
The results obtained in the etching and surface passivation studies were used to create infrared 
photodiodes on InAs0.91Sb0.09. Four sets of devices were processed, using each of the three 
anodic solutions as well as an unpassivated reference sample. The diodes were examined to 
evaluate and compare the success of the passivation layers in improving the optical and 
electrical performance of the detectors. 
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4.2 Material cleaning and etching 
Literature refers to a variety of etchants that can be used on III-V materials. There is a good 
case for dry etching on semiconductors since it gives better resolution and has the potential 
for better etch selectivity. Lim et al. [55] however found that indium based materials are 
degraded by BCl3/Ne plasma etching. They found very good etch rates and smooth surfaces 
on GaAs, AlGaAs and GaSb with the same treatment. The use of InCl3 resulted in even 
rougher surfaces on the indium based materials and yielded extremely low etch rates. The etch 
rate could be increased by heating the substrate, but to the exclusion of using simple photo-
resist masks. Brèka et al. [56] found In-, Cl- and Br-based plasma etchants to be very 
corrosive on indium based materials. CH4/H2 based plasma etchants gave a smooth etched 
surface but left a polymerised film, identified by SIMS (secondary ion mass spectrometry) as 
CnHm and CnHmO on the surface. Auret [57] reported that plasma etching of InSb damages 
the surface layer, creating amongst other things, positively charged donor states in the 
semiconductor band gap. 
 
Wet chemical etchants are more difficult to control and always result in a degree of under-
etching. A range of wet chemical etchants for use on InAs and InSb has been reported, 
including bromine-based solutions [16, 58-61], sulphuric acid based solutions [13, 16-23], 
hydrochloric acid based solutions [16, 23, 24], lactic acid based solutions [13-15] and acetic 
acid based solutions [24, 25]. Dobbelaere et al. [18] used a sulphuric acid based etchant to 
create mesas on InAs1-xSbx and reported that the mesa angle is very sensitive to the acid 
concentration as well as the composition of the InAs1-xSbx. In this work it will also be shown 
that the various etchants behave very differently on InAs and InSb, the two compositional 
extremes of InAs1-xSbx. 
 
Etch rates, repeatability and surface roughness 
The etchants described in table 2 (i.e. acetic acid, lactic acid, sulphuric acid, hydrochloric acid 
and ammonia based etchants) were tested with regards to etch rate, repeatability, usefulness in 
the patterning of devices (under-etching) and surface roughness. Samples of both InSb and 
InAs substrate material were tested. 
 
InSb samples 
The characteristics of various etchants tested on InSb are summarised in table 8. The average 
etch rate, the deviation measured from the average etch rate, the under-etch depth and the 
resulting surface roughness measured for each etchant, as well as the working temperature of 
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each etching solution, are shown. For each etchant the optimal working temperature was 
chosen by taking into account the suitability of the etch rate, the repeatability of the etch rate 
as well as the resulting surface appearance. The surface appearance was judged based on an 
optical microscopy inspection. The under-etch depth as well as the surface roughness were 
measured at the optimal temperature for each etchant. In all cases, except for the ammonia 
based solution and the acetic acid based etchant, approximately 1 µm of the surface material 
was removed. The ammonia solution did not etch the material and since the acetic acid based 
etchant proved to be extremely aggressive and uncontrollable the surface was only dip-etched. 
 
Table 8. Characteristics of various etchants tested on InSb material.  
Etchant Temperature 
[°C] 
Average etch 
rate 
[nm/min] 
Etch rate 
deviation 
[%] 
Under-etch 
depth 
[%] 
RMS surface 
roughness 
[nm] 
Acetic acid 
based 
23 1 500 000   122 
Lactic acid based 50 3200 ±9 53 5 
Sulphuric acid 
based 
24 893 ±6   
 30 917 ±20 81 78 
 35 911 ±26   
 40 1847 ±25   
Hydrochloric 
acid based 
22 310 ±8   
 30 256 ±20   
 35 450 ±20 854 106 
 40 222 ±5   
Ammonia 
based 
30 0    
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The acetic acid based etchant proved to be extremely uncontrollable with a very large etch 
rate and was not used in further experiments. The ammonia solution did not etch the surface at 
all and was disregarded as a possible etchant. The fastest etch rate as well as the smoothest 
surface was achieved by the lactic acid based etchant. Treatment in the lactic acid based 
etchant also gave the least amount of under-etching - only 53 %. An etch step of 1 µm was 
thus only under-etched by about 0.5 µm. 
 
For etchants containing H2O2 the optimal etch temperature was limited by the evaporative 
nature of the solution. Within a time period depending on the temperature, bubbles started to 
form that clung to the surface of the sample, the tweezers and the sides of the beaker. A very 
rough structure was etched wherever these bubbles resided. This proved to be problematic for 
the use of both the sulphuric acid based etchant as well as the hydrochloric acid based etchant. 
 
The sulphuric acid based etchant achieved its most repeatable etch rate at 24 °C. A faster etch 
rate was achieved at 40 °C but with the loss of repeatability and with a more irregular surface 
(the H2O2 started evaporating within seconds). At a working temperature of 30 °C, an etching 
period of 3 minutes could be reached before the evaporation became terminal and a slightly 
higher etch rate was achieved than was the case at 24 °C. Treatment in the sulphuric acid 
based etchant produced an acceptable amount of under-etching (81 %), implying an under-
etching of less than 1 µm for an etch step of 1 µm.  
 
The hydrochloric acid based etchant reached its highest etch rate at 35 °C. At 22 °C a more 
repeatable but slower etch rate was achieved. The hydrochloric acid based etchant created the 
roughest surface, however, mostly because the H2O2 in the solution was never really stable 
and started evaporating instantly. Treatment in the hydrochloric acid etchant caused extreme 
under-etching: a 1 µm etch step were under-etched by almost 1 mm. This would seriously 
limit the line widths of devices processed with this etchant. 
 
Images from optical microscopy as well as from atomic force microscopy taken after 
degreasing and etching the InSb surface in the lactic acid, sulphuric acid and the hydrochloric 
acid based etchants, respectively, are displayed in figure 16. In the case of all the etchants 
approximately 1 µm of material was removed from the surface. An area of 5 µm x 5 µm was 
scanned by the atomic force microscope. All optical microscopy figures were taken at a 
magnification of 400 times. 
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a) Organic degrease 
  
b) Lactic acid based etchant 
              
c)  Sulphuric acid based etchant 
             
d) Hydrochloric acid based etchant 
Figure 16. Optical microscopy (left) and atomic force microscopy (right) images taken of the 
resultant InSb surface, after using various etchants. 
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In figure 16a the optical and atomic force microscopy images of the InSb surface, after 
treatment with the organic degreasing procedure are shown as a reference to judge the results 
of various etchants by. An rms surface roughness of 30.26 nm was measured on the pre-
etched surface  
 
The optical as well as atomic force microscopy images, after treatment in the lactic acid based 
etchant, are shown in figure 16b. The very smooth surface is clearly demonstrated by both 
images. An rms surface roughness of only 5 nm was measured. Only the lactic acid based 
etchant results in an rms surface roughness smaller than that measured on the pre-etched 
surface. 
 
From figure 16c it is clear that treatment in the sulphuric acid based etchant leaves a rougher 
surface than the lactic acid based etchant. Small protuberances showing up in the optical 
image, appear sponge like in the AFM image. An rms surface roughness of 78 nm was 
measured. 
 
The resultant surface after treatment in the hydrochloric acid based etchant is shown in figure 
16d. In the AFM image the holes made where H2O2 bubbles resided can be clearly discerned. 
It seems that the etchant was acting much more aggressive in areas where the H2O2 was more 
concentrated. A surface roughness of 106 nm was measured. 
 
InAs samples 
The results obtained after etching InAs in the different etchants (average etch rate, deviation 
from the average etch rate, under-etch depth and resulting surface roughness) are displayed in 
table 9. In all cases, except for the ammonia based solution and the acetic acid based etchant, 
approximately 1 µm of the surface material was removed. As before, the optimal working 
temperature for each solution was chosen based on the suitability and repeatability of the etch 
rate, as well as the resulting appearance. The surface appearance was judged, based on optical 
microscopy inspection. The under-etch depth as well as the surface roughness were measured 
for the optimal temperature in each case. It can be seen that the acetic acid based etchant acted 
extremely aggressively, giving an uncontrollable etch rate of 37 µm/min. In this case the 
surface roughness measured was not after removal of 1 µm of surface material but after only a 
dip etch. The acetic acid based etchant was disregarded as a suitable etchant for InAs material. 
The ammonia based solution did not etch the InAs surface at all and was also disregarded. 
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Table 9. Characteristics of various etchants tested on InAs material.  
Etchant Temperature 
[°C] 
Average etch 
rate 
[nm/min] 
Etch rate 
deviation 
[%] 
Under-etch 
depth 
[%] 
RMS surface 
roughness 
[nm] 
Acetic acid 
based 
24 36607 ±50 - 63 
Lactic acid 
based 
50 412 ±24 291 205 
Sulphuric acid 
based 
23 153 ±8   
 30 359 ±9 133 78 
 35 312 ±9   
 40 427 ±12   
Hydrochloric 
acid based 
20 24 ±4   
 30 48 ±25   
 40 207 ±10 96 38 
 50 234 ±25   
Ammonia 
based 
30 0    
 
Of the three remaining etchants the hydrochloric acid based etchant proved the most 
controllable with an etch rate deviation of only 4 % at 20 °C. The etch rate at this temperature 
was however extremely slow and at 24 nm/min really impractical for device processing. A 
controllable etch rate of 207 nm/min was measured at 40 °C with a deviation of ± 10 % of the 
etch step, giving quite a smooth surface with a measured rms roughness of only 38 nm. Lower 
etch rates usually proves to be more controllable and yield smoother surfaces than those 
achieved with higher etch rates. There has to be a trade-off between the rate at which material 
is removed and the smoothness of the resultant surface. 
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The lactic acid based etchant yielded an etch rate of 412 nm/min with an etch rate deviation of 
± 24 %. On InAs it resulted in quite a large under-etching of 291 %, giving an under-etch 
depth of about 3 µm for a step of 1 µm. After approximately 1 µm of surface material was 
removed, an rms surface roughness of 205 nm was measured for this etchant. 
 
The sulphuric acid based etchant yielded the most controllable etch rate at 23 °C, but at 153 
nm/min the etch rate is too low for practical purposes. Higher temperatures yielded faster etch 
rates, but the period in which the material could be etched before the H2O2 in the solution 
started evaporating was reduced. At 40 °C an etch rate of 427 nm/min was achieved but the 
H2O2 immediately started evaporating. The H2O2 was found to be sufficiently stable at 30 °C, 
yielding an acceptable etch rate of 360 nm/min with a 9 % etch rate deviation. The measured 
under-etch depth was 134 % of the etch step, yielding a 1.34 µm under-etch depth for a 1 µm 
etch step. A resulting rms surface roughness of 78 nm was measured. 
 
Images from optical microscopy as well as atomic force microscopy taken after degreasing 
and etching the InAs surface in the lactic acid, the sulphuric acid and the hydrochloric acid 
based etchants respectively, are shown in figure 17. In the case of all the etchants 
approximately 1 µm of material was removed from the surface. An area of 5 µm x 5 µm was 
scanned by the atomic force microscope. All optical microscopic figures were taken at a 
magnification of 400 times. 
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a) Organic degrease 
            
b) Lactic acid based etchant 
  
c) Sulphuric acid based etchant 
               
d) Hydrochloric acid based etchant 
Figure 17. Optical microscopy (left) and atomic force microscopy (right) images taken of the 
InAs surface after degreasing and exposure to various etchants.  
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In figure 17a the optical and atomic force microscopy images of the InAs surface, after 
treatment with the organic degreasing procedure are shown as a reference to judge the results 
of various etchants by. An rms surface roughness of 18.83 nm was measured on the pre-
etched surface 
 
The AFM images in figure 17 clearly indicate the lactic acid based etchant to yield the 
roughest surface and the hydrochloric acid based etchant the smoothest. The spiky texture 
yielded by the lactic acid based etchant is not as visible in the optical image as it is in the 
AFM image. An rms surface roughness of 205 nm was measured on the InAs surface. 
 
In the optical image of the surface treated with the sulphuric acid based etchant, small islands 
of material that were etched at a slower rate, are evident. These show up as narrow 
protuberances in the AFM image, yielding a surface roughness of 78 nm. 
 
Reflection from the small protuberances resulting from the hydrochloric acid based etchant 
make them seem larger and more numerous in the optical image than what was actually 
measured by AFM. At 40 °C an rms surface roughness of 38 nm was measured for this 
surface. 
 
Lactic acid based etchant 
On the whole, the lactic acid based etchant was the easiest to work with. For both InAs and 
InSb it gave the highest etch rates, while in the case of InSb it also yielded the smoothest 
etched surfaces. Unlike the etchants where hydrogen peroxide acts as the oxidising agent, this 
etchant does not suffer from the instability associated with the peroxide. 
 
In the case of InSb, the lactic acid based etchant yielded the best results in terms of surface 
appearance, etch rate, repeatability and under-etching. In the case of InAs, the lactic acid 
based etchant also yielded the best etch rate. However, for this compound it resulted in very 
rough surfaces, poor repeatability and strong under-etching 
 
Sulphuric acid based etchant 
In the case of InSb the sulphuric acid based etchant tended to leave a rougher surface than the 
lactic acid based etchant. Careful temperature control was also required. Below about 25 °C 
the hydrogen peroxide evaporated in the form of large bubbles that started to appear less than 
one minute after the solution was mixed. The etch rate for InAs stabilised at 350 nm per 
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minute at a temperature of about 30 °C. Above this temperature no real improvement in etch 
rate was measured, but the time available for controlled etching (i.e. before the hydrogen 
peroxide started evaporating) was significantly less. At 30 °C it took three minutes before the 
hydrogen peroxide started to evaporate, but there was a six minute window in which to obtain 
a relatively smooth surface. At temperatures above 40 °C the hydrogen peroxide immediately 
started evaporating vigorously, making a smooth surface etch impossible. 
 
In the case of InAs the sulphuric acid based etchant gave the most repeatable results and also 
much less under-etching than was the case for the lactic acid based etchant. The sulphuric 
acid based etchant produced slightly more under-etching than the hydrochloric acid based 
etchant, however. 
 
Acetic acid based etchant 
For both InSb and InAs the acetic acid based etchant proved to be extremely aggressive. The 
InSb sample (0.5 mm thick) completely dissolved in twenty seconds. Only the surface area 
covered by the Apiezon wax W100 remained - thus proving the wax to be a very good, 
chemically inert shield. It may be noted that the wax was much more difficult to work with 
than conventional photo-resist, because it only softened at 70 °C, after which it had to be 
manipulated quickly before it hardened again.  
 
InAs proved to be more resistant to the acetic acid based etchant, but still rendered etch rates 
of 37 µm per minute that tended to be virtually uncontrollable. The etch rate deviation turned 
out to be in excess of 50 %.  
 
Ammonium based etchant 
For both InAs and the InSb the ammonium based etchant yielded etch rates that were 
immeasurably small. 
  
Hydrochloric acid based etchant 
The hydrochloric acid based etchant turned out to be even more difficult to use than the 
sulphuric acid based etchant. For InAs a significant etch rate was only measured for 
temperatures above 40 °C. The hydrogen peroxide evaporated continually with the 
temperature only influencing the rate of evaporation - leaving surfaces with a grain like 
appearance as can be seen from figures 16 and 17. In the case of InSb extreme under-etching 
occurred. For InAs the degree of under-etching was less and the repeatability was better than 
  49 
what was the case for the sulphuric and lactic acid based solutions. The etch rate was very 
slow, however. 
 
Surface layer composition determined by Auger electron spectroscopy 
The chemical effects of oxidation on metallic surfaces have been studied by AES by various 
researchers [43, 44, 46, 49-51, 57, 62, 63]. Cases that are mentioned are Zr, As, Cu, Sn and 
Sb. For all these elements, oxidation was reported to cause a shift of the Auger peak towards 
lower energies. Sekine et al. [50] compared the chemical shifts of various elements as 
detected by AES with that detected by XPS (X-ray photoelectron spectroscopy). Relevant to 
this study are the results they obtained on compounds formed between arsenic and either 
oxygen or sulphur. They identified As2S3, As2O3 and As2O5 after oxidation of the pure 
element. In all cases the peak(s) measured for arsenic in both AES and XPS spectra red-
shifted compared to that of elemental arsenic (see table 10).  
 
Table 10. AES and XPS peak energies for arsenic in various compounds, and their shift relative 
to the energies measured for pure arsenic [50]. 
Compound 
XPS energy 
(eV) 
XPS shift 
(eV) 
AES energy 
(eV) 
AES shift 
(eV) 
As2S3 43.4 1.90 1222.0 -3.00 
As2O3 44.9 3.40 1218.7 -6.30 
As2O5 46.1 4.60 1217.4 -7.60 
 
Chuing et al. [51] did an XPS survey on GaSb after sulphur passivation. The XPS peak 
energies they have found for oxygen and sulphur chemically bonded to antimony are shown 
in table 11. 
 
Table 11. XPS peak energies for antimony in various compounds [51]. 
Compound XPS energy 
Sb 537.85 
Sb2O3 539.74 
Sb2O5 540.37 
Sb2S5 538.79 
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InSb samples 
The Auger results acquired for the four possible etchants (sulphuric-, lactic-, hydrochloric- 
and acetic acid based) as well as for the untreated and degreased samples, were qualitatively 
very similar. Representative spectra of the possible contaminants and native elements (i.e. In 
and As or Sb), measured before and during argon sputtering, are therefore shown in this 
section for the sample prepared with the acetic acid based etchant, to illustrate the information 
that can be obtained from AES. This will be followed by a comparison of the surface 
contamination resulting from all the different cleaning/etching and passivation processes. 
 
The differentiated signal (dN(E)/dE) extracted from the measured Auger electron energy 
distribution for InSb after treatment in the acetic acid based etchant, is shown in figure 18. 
The blue spectrum was taken before argon sputtering started, while the red spectrum was 
taken after 1000 seconds of argon sputtering. It can clearly be seen that the major 
contaminants present on the surface are oxygen and carbon. After 1000 s of argon sputtering, 
the oxygen and carbon present are completely removed and the indium and antimony signals 
are stronger. It should be noted that the spectrum of pure indium not only features its main 
peaks at 405 eV and 412 eV, but also contains smaller peaks at 63 eV, 198 eV, 300 eV, 346 
eV and 567 eV. 
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Figure 18. Auger spectra of InSb treated with the acetic acid based solution. 
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The differentiated Auger spectra for each measured element, extracted while sputtering with 
Argon, will be discussed shortly. These specific measurements were taken on the surface of 
the sample treated in acetic acid. The spectra were measured in the order in which each 
specific element is represented in the entire energy spectrum. It is possible to evaluate 
chemical changes happening on the surface as contaminants are being removed by argon 
sputtering. The results that follow will be displayed in two parts: as-measured differentiated 
Auger electron spectra for each of the elements noted in figure 18 will be shown as function 
of argon sputtering time in part (a) of each figure. The first and the last spectra shown in part 
(a) were then normalised and superimposed in part (b), in order to give a good indication of 
any shift with respect to energy. Where applicable, the spectrum that was measured last (i.e. 
for the longest sputtering duration) was also shifted in energy to coincide with the spectrum 
that was measured first in order to illustrate any changes in shape resulting from sputtering. 
 
The evolution of the indium peak with argon sputtering time is shown in figure 19. The Auger 
peak immediately starts to blue-shift as the sputtering time increases from 29 s to 929 s. The 
total shift measured is 1.4 eV. The width of the lower energy indium peak does not change. 
The standard reference for indium has two peaks in the higher energy range, at 405 and at 412 
eV. These peaks are both evident in the spectra, but are red-shifted compared to their 
positions for pure indium, due to the InSb chemical bond. These two peaks become more 
distinguishable as the surface is sputtered - after 178 s of sputtering a clear shoulder shows up 
in the positive slope of the higher energy region. A comparison of the normalised and shifted 
spectra (after 29 s and 929 s of sputtering) in figure 19b illustrates that the emergence of the 
higher energy peak at ~408 eV is probably due to a narrowing of the higher energy side of the 
differentiated signal. 
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Figure 19. a) Auger electron spectra for indium, as measured during sputtering and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
The spectra captured in the energy region of the antimony peak while continuously sputtering 
with argon, are displayed in figure 20a. Similar to the case of indium, the Auger peak 
immediately starts shifting towards higher energies as the sputtering time increases. The total 
shift in this case is 1.2 eV. When normalised and superimposed (see figure 20b), the lower 
energy peak shows a narrowing of about 1.7 eV - indicating that the original, non-
differentiated Auger signal narrowed on the lower energy side. The higher energy peak 
(representing a negative slope in the original, non-differentiated signal) appears to move 
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towards higher energies by 0.7 eV and also develops a shoulder in its positive slope - 
indicating the existence of a second peak. As sputtering continues, the overall signal at higher 
energies broadens and the second peak becomes more distinctive. The perception of a 
movement with regards to energy is most likely due to the emergence of the second higher 
energy peak. For the pure antimony standard two higher energy peaks exist, one at 458 eV 
and the other at 466 eV. Cleaning of the InSb surface through argon sputtering thus causes the 
antimony peak to resemble more closely the signature of a pure antimony standard. The peaks 
remain significantly shifted with respect to those typical for pure antimony, possibly due to 
the chemical bonds in the InSb. 
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Figure 20. a) Auger electron spectra for antimony, as measured during sputtering and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
 
Changes in the oxygen spectrum, while continuously sputtering with argon, are shown in 
figure 21. The original, non-differentiated spectrum for an oxygen standard shows three peaks 
(473 eV, 489 eV and 510 eV), with the intensity increasing strongly for the higher energy 
peaks. In figure 21a it is clear that the Auger peak significantly blue-shifts. The total shift 
measured is 1.2 eV. This indicates that the oxygen originally present on the surface was most 
probably chemically bonded to indium and antimony. As the argon sputtering time increases, 
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the surface oxides are removed and the chemical nature of the oxygen bonds changes before 
the signal completely disappears. The chemical change, reflected through the movement with 
regards to energy, suggests that more than one type of oxide was present on the original 
surface. Several types of indium and antimony oxides exist, while the presence of incidental 
oxygen on the surface cannot be ruled out. Literature [43, 44, 46, 49-52, 57, 62, 63] indicates 
that metallic elements reacting with oxygen tend to have Auger electron spectroscopy signals 
that moves towards lower energies compared to the signals characteristic of their pure state. 
This agrees well with the blue-shifts observed for the spectra of indium and antimony in 
figures 19 and 20, respectively, as oxygen is removed from the surface.  
 
Auger electron spectroscopy measurements were also performed, after the InSb surface had 
been argon sputtered for 20000 s and all traces of oxygen removed. Immediately after 
sputtering was stopped, the oxygen signal began to increase in intensity, while moving 
towards lower energies (see figures 23 to 26). At the same time, the indium and antimony 
peaks decreased in intensity and also moved towards lower energies, in accordance with 
predictions in literature and supporting the above mentioned observations. 
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Figure 21. a) Auger electron spectra for oxygen, as measured during sputtering and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
 
The Auger electron spectra captured for carbon, while continuously sputtering with argon, are 
shown in figure 22. The carbon standard reference spectrum (not differentiated) shows a 
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highly non-symmetrical signal, with a gradual and irregular slope in the lower energy regions. 
This is very well represented by the measured differentiated signal shown in figure 22. The 
overall signal is very small and becomes indistinct after 411 s of argon sputtering. The nature 
of the lower energy peaks cannot be deduced from figure 22, but the higher energy peak does 
not show a shift in energy or a significant narrowing of the peak (see figure 22b) - indicating 
that carbon was not involved in any strong chemical bonding and most likely present as a 
contaminant from the vacuum chamber. 
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Figure 22. a) Auger electron spectra for carbon, as measured during sputtering and b) after 
normalisation, in order to reveal shape changes. 
 
After sputtering the InSb sample by argon for 20000 s, the surface was left to re-oxidise. The 
effects are illustrated in figure 23, where the red spectrum depicts the Auger signals after 
sputtering and the blue spectrum the signals measured after a 3000 s oxidation in the vacuum 
system. Note that oxidation was not enhanced in any way (e.g. by allowing oxygen gas into 
the chamber). It is clear that all the carbon and most of the oxygen were removed from the 
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surface by sputtering. After 3000 s without argon sputtering, the oxygen signal increased 
significantly, while the indium and the antimony signals became smaller.  
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Figure 23. Auger spectra of InSb, argon sputtered for 20000 s and then left to oxidise for 3000 s. 
 
The differentiated Auger spectra for indium, antimony and oxygen measured during this 
experiment, are shown in figures 24 to 26. Measurements were done during the oxidation 
period indicated in figure 23. The differentiated Auger electron spectrum for each of the 
elements noted in figure 23 are shown in part (a) of each figure, while the first and the last 
measurements shown in part (a) are normalised and superimposed in part (b), in order to get 
an indication of energy shifts of the signals. Also shown in part (b) of each figure, where 
applicable, is the last measured spectrum moved with respect to energy and superimposed on 
the first measured spectrum, in order to illustrate possible changes in shape resulting from 
oxidation. 
 
In figure 24 the indium spectra measured for the InSb surface during oxidisation are shown. 
The spectra red shift by 1.2 eV with increasing time. This agrees with literature predictions on 
the peak positions of metallic elements when bound to oxygen: while the surface was de-
oxidised the indium spectrum showed a blue-shift of 1.4 eV (figure 19), and when the surface 
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is left to re-oxidise (figure 24) the indium signal red shifts by 1.2 eV. The lower energy part 
of the spectra narrows by 0.5 eV and the higher energy part by 0.4 eV. In figure 24b, the 
shape change between the spectrum measured at 44 s and the spectrum measured after 2521 s 
of oxidation is noteworthy. The higher energy part of the spectrum shows a distinct shoulder 
at 44 s, which disappears after oxidation. This is probably due to a broadening of the two 
signals characteristic of pure indium, when oxidation occurs. 
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Figure 24. a) Auger electron spectra for indium, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
The differentiated Auger spectra for antimony, measured during oxidation are shown in figure 
25. The antimony signal red shifts by 0.6 eV upon oxidation. As in the case of indium (figure 
24), this agrees quantitatively with the predictions found in literature. While argon sputtering 
took place the antimony spectrum blue shifted (figure 20), and then red shifted when the 
surface re-oxidised (figure 25). From figure 25b it can be seen that the two peaks 
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characteristic of pure antimony (i.e. after argon sputtering), become less distinct when the 
surface oxidises. The shoulder appearing in the higher energy part of the spectra, is much 
clearer in the red spectrum (i.e. when the surface was clean), compared to the blue and green 
spectra measured after 3000 s of oxidation. The lower energy part of the spectrum narrows by 
0.6 eV. 
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Figure 25. a) Auger electron spectra for antimony, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
  63 
The differentiated Auger spectra measured for oxygen, during oxidation of the InSb surface, 
are displayed in figure 26. The spectra red shift by 0.4 eV, indicating that oxygen was 
involved in a chemical bonding, most probably with indium and antimony since those spectra 
also show a red-shift in accordance with literature predictions for the oxidation of a metallic 
element. The lower energy part of the spectrum broadens by 1.4 eV and the higher energy part 
by 1.2 eV. 
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Figure 26. a) Auger electron spectra for oxygen, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
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The scanning Auger measurements on InSb, after treatment in each of the etchants and also 
after degreasing taken while continuously sputtering in argon, are shown in figure 27. The 
Auger peak-to-peak height for each of the elements is plotted against the sputtering time. The 
depth profile for each of the etched samples, is shown after degreasing and etching.  
 
 
 
 
  65 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 500 1000 1500 2000 2500 3000
Time [s]
A
P
P
H
 n
o
rm
a
lis
e
d
  
0
0.1
0.2
0.3
0.4
0.5
0.6
0 200 400 600 800 1000
Time [s]
A
P
P
H
 n
o
rm
a
lis
e
d
 
 a) Organic degrease b) Acetic acid 
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Figure 27. Scanning Auger signals measured for InSb during argon sputtering, and after 
degreasing and/or etching: a) organic degrease only b-f) degreased and etched in the various 
etching solutions listed in table 2. (Sputter emission factor 0.01) 
____   Indium   ____   Carbon   ____   Oxygen 
____   Antimony  ____   Chlorine  ____   Sulphur 
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The Auger depth profile measured after the degreasing treatment only, are shown in figure 
27a. The carbon signal rapidly decreases when argon sputtering starts, while the indium signal 
rapidly increases. After 400 s of sputtering the antimony signal starts to increase while the 
rate of the increase of the indium signal tapers off. After 700 s the carbon signal levels off at a 
value below 10 % of the surface area - whereas the indium signal still increases slowly and 
the oxygen signal decreases. The increase in the antimony signal slows down right after it 
surpasses the intensity level of the oxygen signal. The rapid decrease in the carbon signal 
indicates that it was not part of any strong chemical bonding, but merely existed due to 
contamination inside the vacuum chamber. Oxygen, however, seems to play a greater role in 
the chemical makeup of the surface; it only levels off when the indium signal has reached a 
constant value (after about 1700 s). Beyond this sputtering time, the slow decrease in the 
oxygen signal is accompanied by a slow increase in the antimony signal, which indicates the 
presence of residual antimony oxide on the surface after such prolonged sputtering. 
  
The profiles measured after the InSb surface was degreased and treated in the acetic acid 
based etchant, are shown in figure 27b. Again the carbon signal decreases fastest to a constant 
background. The indium signal initially rises very quickly, but increases at a lower rate after 
200 s. The antimony signal increases slightly slower than indium, but reaches its background 
value sooner, i.e. only 100 s after the carbon signal and about 100 s before the indium signal. 
The oxygen and indium signals seem to reach their final values after the same period of 
sputtering. 
 
The profiles measured after the InSb surface was degreased and treated in the lactic acid 
based etchant, are shown in figure 27c. The indium signal immediately starts to increase in 
intensity, while the oxygen signal starts to decrease. When argon sputtering starts, the carbon 
signal immediately starts to decrease while the antimony signal starts to increase. After 750 s 
both the indium and carbon signals settle at their final values, while the antimony and oxygen 
signal increases and decreases, respectively, reaching their final values after 1500 s of 
sputtering.  
 
The profiles measured after degreasing and etching in the sulphuric acid based etchant, are 
shown in figure 27d. The surface was monitored for sulphur residues but very little were 
found. The sulphuric acid based etchant left only a very small concentration of oxygen on the 
surface, but quite a large concentration of carbon. Immediately after argon sputtering starts, 
the indium and antimony signals start to increase in intensity while the carbon and oxygen 
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signals start to decrease. The oxygen signal reaches its background value after 900 s, while 
the signals for the other elements only reach their final values after 2400 s.  
 
The profiles measured after degreasing and etching in the hydrochloric acid based etchant, are 
shown in figure 27e. An exceptionally large carbon signal is initially measured on the surface 
- this rapidly decreases as soon as argon sputtering starts. At the same time the indium and 
antimony signals increase rapidly. The relatively small oxygen signal only starts to decrease 
after 400 s. All four signals simultaneously reach their final values after 2000 s of sputtering. 
 
The measured profiles for the sample degreased and etched in the ammonia based solution, 
are shown in figure 27f. The carbon signal immediately starts to decrease, while the indium 
signal rapidly starts to increase. Only after 500 s the oxygen signal decreases, while the 
antimony signal starts to increase. The carbon and antimony signals settle first, both after 
1500 s, while the indium and oxygen signals settle after 2300 s.  
 
From figure 27 it seems that the indium and oxygen signals track each other for some 
solutions (i.e. reach their final values at the same time), while for other solutions there seems 
to be a correlation between antimony and oxygen based on the same result. The chemistry on 
the surface thus obviously depends on the species present in the solution. The common trend 
observed figure 27 is that the indium and antimony signals only start to increase after the 
carbon signal starts to weaken. In all cases the indium peak shows faster increase than the 
antimony signal, possibly indicating that more of the contaminating elements were chemically 
bonded to antimony atoms. In all cases the oxygen and carbon signals settle just below 10 %, 
indicating that the accuracy of the system is only of the order of 5 to 10 % or possibly that 
significant amounts of carbon and oxygen are present in the vacuum chamber as 
contaminants. 
 
The depth profiles measured for the main surface contaminants, namely carbon and oxygen, 
are displayed in figure 28. The percentage of surface coverage by contaminants is compared 
for each surface treatment procedure. It is clear that the degree of surface contamination 
varies greatly for the different surface treatments.  
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Figure 28. Auger depth profiles measured on InSb surfaces after treatment in various etchants. 
(Sputter emission factor 0.01) 
The acetic acid based etchant leaves the surface with the lowest percentage of carbon 
coverage (23 %) and the hydrochloric acid based etchant the highest (50 %). Only the lactic 
acid based etchant and the acetic acid based etchant reduces the carbon contamination when 
compared to that of the sample that was only degreased. The solutions leaving the lowest 
carbon surface coverage are those that do not contain H2O2. In figure 28b the surface 
coverage of oxygen, left after treatment in the various etching and degreasing procedures, is 
compared. The highest percentage surface coverage with oxygen is obtained after treatment in 
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the ammonia solution (46 %) and the lowest percentage surface coverage is achieved with the 
sulphuric acid based etchant (17 %). The sulphuric acid is more efficient at removing oxygen 
than the hydrochloric acid based etchant, which is well known for that quality. The ammonia 
solution leaves the sample richer in oxygen than the degreasing procedure.  
 
InAs samples 
The auger electron spectroscopy results from InAs surfaces, after treatment in the various 
etchants, are qualitatively very similar. Measurements performed on the surface after 
treatment in the sulphuric acid based etchant are shown here for illustration. The 
differentiated signal extracted from the measured energy is shown in figure 29. The red 
spectrum was taken before argon sputtering started and the blue spectrum after 1800 seconds 
of argon sputtering. The signatures of indium and arsenic, which are involved in the relatively 
strong chemical bonding in InAs, are indicated. Before argon sputtering, the contaminants 
observed on the surface are carbon, oxygen and small traces of sulphur. After 1800 s of argon 
sputtering the surface contaminants are completely removed, resulting in to the much stronger 
intensities of the indium and arsenic signals. 
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Figure 29. Auger spectra of InAs treated in the sulphuric acid based solution. 
 
The differentiated Auger spectra for each measured element highlighted in figure 29, 
extracted while sputtering with argon, will be discussed shortly. These specific measurements 
were taken on the surface of the sample treated in the sulphuric acid based etchant. As before, 
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the spectra were measured in the order in which each specific element is represented in the 
entire energy spectrum. The following figures are displayed in two parts: the differentiated 
Auger electron spectrum for each of the elements noted in figure 29 is shown in part (a). The 
first and the last measurements shown in part (a) are normalised and superimposed in part (b) 
of each figure in order to get an indication of any movement with respect to energy. Also 
shown in part (b), where applicable, is the last measured spectrum moved with respect to 
energy and superimposed onto the first measured spectrum - this will again give an indication 
of any shape changes that resulted from sputtering. 
 
In figure 30 the Auger spectra measured for indium are displayed. The peak first grows in 
intensity and then starts to move toward higher energies as sputtering is prolonged. The peak 
blue shifts by 1.2 eV between the first measurement (after 44 s of argon sputtering) and the 
last one (after 1662 s of sputtering). The higher energy peak changes slightly in shape (see 
figure 30b). As mentioned before, the energy spectrum of pure indium features two higher 
energy peaks, at 405 eV and 412 eV respectively. From figure 30 it can be seen that the 
second of these peaks becomes more prominent during argon sputtering. Clearly, as the 
surface becomes cleaner, the narrowing of the higher energy part of the spectrum emphasizes 
the presence of the second peak. 
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Figure 30. a) Auger electron spectra for indium, as measured during sputtering and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
In figure 31 the Auger spectra measured for arsenic are displayed. The arsenic spectra seem 
much less sensitive to the surface contaminants that were being removed through argon 
sputtering. No movement with regards to energy is evident and only a slight increase in 
intensity is observed, which probably indicates that arsenic is not involved in chemical 
changes on the surface as contaminants are removed. 
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Figure 31. a) Auger electron spectra for arsenic, as measured during sputtering and b) after 
normalisation, in order to reveal shape changes. 
 
In figure 32 the Auger spectra of oxygen, measured while continuously sputtering with argon, 
are displayed. The oxygen peak shifts significantly towards higher energies with increasing 
sputtering time. The total blue-shift observed is 1.4 eV. A super positioning of the normalised 
data measured at 55 s and at 1674 s illustrates that both the higher energy and the lower 
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energy peaks are narrowed by argon sputtering (see figure 32b). The movement of both the 
oxygen and indium peaks with regards to energy correspond well to predictions found in 
literature. Other research groups [43, 44, 46, 49-52, 57, 62, 63] have found that metallic 
elements react to oxidation with a peak shift towards lower energies. The data displayed in 
figure 32 indicate that oxygen was definitely involved in a chemical bonding, the distinctive 
movement of the indium peak suggests that it was most probably the formation of an indium-
oxide. 
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Figure 32. a) Auger electron spectra for oxygen, as measured during sputtering and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
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In figure 33 the Auger spectra measured for carbon are shown. The carbon peak immediately 
starts to disappear as soon as argon sputtering commences. The normalised peak after 269 s 
appears at higher energy, based on the position of the downward sloping side, which 
corresponds to the maximum in the undifferentiated signal. 
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Figure 33. a) Auger electron spectra for carbon, as measured during sputtering and b) after 
normalisation, in order to reveal shape changes. 
Since sulphur is present in the sulphuric acid based etchant, the surface was monitored for its 
presence. Figure 34 indicates a small residue of sulphur resulting from the etching process. 
This residue quickly disappears during argon sputtering and the spectrum shows no 
  75 
movement with regards to energy. It can safely be concluded that the sulphur present was 
only left over as a residue of the etchant and did not play a major role in the chemical 
composition of the surface. 
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Figure 34. a) Auger electron spectra for sulphur, as measured during sputtering and b) after 
normalisation, in order to reveal shape changes. 
After argon sputtering the InAs sample for 3000 s, the surface was left to re-oxidise. The blue 
spectrum in figure 35 was measured after sputtering and the red spectrum after 10000 s of 
oxidation. Note that oxidation was not enhanced in any way; the sample was simply left to 
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naturally oxidise in the vacuum chamber. From the figure it is clear that all the carbon and 
oxygen are removed from the surface by sputtering. After a further 10000 s without argon 
sputtering, the oxygen signal is greatly enhanced, while the indium and antimony signals are 
reduced. Auger measurements done during this oxidation process (see figures 35 to 38) 
revealed that the oxygen as well as the indium peaks responded with a shift towards lower 
energies, back to their position as noted in the original measurement. 
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Figure 35. Auger spectra of InAs, argon sputtered for 3000 s and then left to oxidise for 10000 s. 
The differentiated Auger spectrum, measured for indium during re-oxidation, is shown in 
figure 36. In the period between 148 s and 9278 s of oxidation, the spectrum red shifts by 2.3 
eV. Again, this confirms results reported in literature which show that the Auger spectra of 
metallic elements red shift during oxidation. It should be remembered that the indium 
spectrum blue shifted during argon sputtering (figure 28). In addition to the peak shift, the 
spectrum broadens considerably on the high energy side upon re-oxidation (figure 36b), 
which is exactly the opposite of what was observed to occur during sputtering (see figure 30). 
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Figure 36. a) Auger electron spectra for indium, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
 
The differentiated Auger spectra, measured for arsenic during re-oxidation of the InAs 
surface, are shown in figure 37. The signal red shifts by a total of 1.1 eV, with no perceivable 
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change in shape. The red-shift of the Auger spectra for arsenic after oxidation, predicted in 
literature [44], is demonstrated. 
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Figure 37. a) Auger electron spectra for arsenic, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
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In figure 38, the differentiated Auger spectra of oxygen, measured during oxidation, is shown. 
In the period between 367 s and 9289 s of oxidation the spectrum red shifts by 1.1 eV. No 
broadening is evident. 
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Figure 38. a) Auger electron spectra for oxygen, as measured during oxidation and b) after 
normalisation and shifting with respect to energy, in order to reveal shape changes. 
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The Auger depth profiles obtained from each InAs sample, after degreasing and etching, are 
shown in figure 39. Again, measurements were performed while continuously sputtering with 
argon. The Auger peak-to-peak height (APPH) is plotted for each of the relevant elements 
against the sputtering time. 
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Figure 39. Scanning Auger signals measured for InAs during argon sputtering, and after 
degreasing and/or etching: a) organic degrease only b-f) degreased and etched in the various 
etching solutions listed in table 2. (Sputter emission factor 0.01) 
____   Indium   ____   Carbon   ____   Oxygen 
____   Antimony  ____   Chlorine  ____   Sulphur 
  82 
 
The Auger depth profiles measured after the organic degreasing process, are shown in figure 
39a. The oxygen signal immediately starts to decrease as soon as argon sputtering 
commences. After 200 s of sputtering the carbon signal starts to rapidly decrease while the 
indium and arsenic signals increase. The carbon signal decreases very quickly and to its 
background value (after 500 s of sputtering). The oxygen, indium and arsenic signals take 
much longer to reach their final values, however, probably indicating the presence of indium 
and arsenic oxides on the degreased surface 
 
The results obtained after degreasing and etching in the acetic acid based etchant, are shown 
in figure 39b. The oxygen signal is considerably lower than that measured for the degreased 
sample, but otherwise follows the same trend as in figure 39a. The carbon signal reaches its 
background much faster than any of the other elements, probably since it is present purely as a 
contaminant on the surface and does not take part in chemical bonding with indium and 
arsenic. Again the decrease in the oxygen signal mirrors the increase in indium and arsenic 
signals, indicating the presence of both indium and arsenic oxides. The signals reach their 
final values faster than after degreasing only (in this case after ~800 s), indicating a smaller 
surface coverage by oxides after chemical etching. 
 
The depth profiles measured after treatment in the lactic acid based etchant are displayed in 
figure 39c. The oxygen signal immediately starts to decrease while the indium and arsenic 
signals increase. Both the carbon and the oxygen signals settle after 350 s and the indium and 
arsenic signals only 50 s later. The indium, arsenic and oxide signals reach their final values 
quicker than in 39a and 39b, indicating a smaller surface coverage by oxides. 
 
The depth profiles measured after etching in the sulphuric acid based etchant are shown in 
figure 39d. The surface is highly contaminated by carbon in this case, while the oxygen signal 
is considerably smaller than for the two etchants discussed previously. The latter observation 
hints at a lower surface coverage with oxides. For this etchant, all the signals reach their final 
values after ~500 s. Only small traces of sulphur are detected. 
 
The profiles measured after degreasing and treatment in the hydrochloric acid based etchant, 
are shown in figure 39e. It is really noteworthy that the surface coverage by oxygen stays 
practically constant at a typical background value of below 10 %, which points at a very 
efficient removal of surface oxides. The initial carbon signal is, however, extremely large. 
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The carbon signal is very slow to disappear and only reaches its background value after 1600 
s. The relatively slow decrease in the carbon signal causes the arsenic and indium signal to 
reach their final values only after ~800 s and 1200 s respectively. Only a very small trace of 
chlorine as a surface contaminant is evident. 
 
The profiles measured after degreasing and treatment in the ammonia based solution, are 
shown in figure 39f. Similar to the results for the hydrochloric acid based etchant, the surface 
is highly contaminated by carbon. The oxygen signal is significantly larger, however, and 
takes longer to reach its background value. The indium signal seems to reach its "bulk" value 
before the arsenic signal does.  
 
It appears from figure 39 that in cases where the Auger depth profile starts off with a very 
large carbon signal (above 50 %), the oxygen signal is much smaller and stays below 20%. 
From figures 39a (organic degrease), 39e (hydrochloric acid) and 39f (ammonia) it is evident 
that the indium signal rises with a much steeper slope when compared to that of the arsenic 
signal. This probably indicates that most of the surface contaminants, removed by argon 
sputtering, were chemically reacting with the arsenic atoms - the deduction is strengthened by 
the fact that arsenic has a greater electronegativity than indium and will thus be more 
chemically reactive and tend to form stronger chemical bonds. The As:In ratio on the surface 
is higher than in the bulk for cases b, d, e and to some extent also for f. This is an indication of 
a predominance of arsenic oxide over indium oxide. 
 
In figure 40 the efficiency of the various etchants in removing contaminants from the InAs 
surface is compared. 
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Figure 40. Auger depth profiles measured on InAs surfaces after treatment in various etchants. 
(Sputter emission factor 0.01) 
 
The Auger depth profiles for carbon are shown in figure 40a. The hydrochloric acid based 
etchant leaves the worst carbon contaminated surface, with the surfaces after ammonia and 
sulphuric acid based treatments being only slightly less contaminated by carbon. From figure 
40a it is possible to clearly distinguish between two groups of etchants: the group that 
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contains H2O2 in their solution, namely hydrochloric acid based, ammonia based and the 
sulphuric acid based etchants, yields a noticeably higher percentage surface coverage of 
carbon. The other group, where H2O2 is not part of the solution (i.e. the organic degrease, the 
lactic acid based etchant and the acetic acid based etchant) results in a much lower surface 
carbon coverage. 
 
A comparison of the oxygen surface coverage after various degreasing and etching treatments 
is displayed in figure 40b. The organic degreasing process leaves the most oxygen on the 
surface, as expected, since the degreasing process will predominantly remove carbon 
containing species from the surface. The hydrochloric acid based etchant is most efficient at 
removing oxides from the surface, leaving less than 10 % oxygen coverage. 
 
Concluding remarks on cleaning and etching 
In table 12 a summary of the InSb surface characteristics after treatment in the various 
cleaning and etching solutions is displayed. Measurements done through optical and atomic 
force microscopy as well as Auger electron spectroscopy are included. It can be seen that the 
etchant that gave the smoothest surface and the most controlled etch rate is the lactic acid 
based etchant. It also gave the smallest under-etching. The lactic acid based etchant resulted 
in the second lowest percentage of carbon surface coverage – only 4 % more than the acetic 
acid based etchant. It should be noted, however, that the acetic acid based etchant reacts 
violently with InAs, and as such is an uncontrollable etchant. The lactic acid based etchant 
also left the second lowest percentage of oxygen surface coverage 
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Table 12. Summary of the surface characteristics of InSb after treatment in various cleaning and 
etching solutions. 
Etchant 
RMS surface 
roughness 
[nm] 
Etch rate 
[nm/min] 
Standard 
deviation 
[%] 
Under-
etching 
[%] 
Surface carbon 
contents  
[%] 
Surface 
oxygen 
contents  
[%] 
Hydrochloric 
acid based 106 450 20 854 49 25 
Acetic acid 
based 122 1500000 - - 23 33 
Lactic acid 
based 5 3200 9 53 27 26 
Sulphuric acid 
based 78 920 20 81 64 18 
Ammonia 
based 61 0 0 - 45 46 
Organic 
solution 
degrease 
61 0 0 - 38 39 
Untreated 
reference 61 - - - 42 38 
 
In table 13 a summary of the InAs surface characteristics after treatment in the various 
cleaning and etching solutions is displayed. It is clear that the sulphuric acid based etchant 
yielded the most repeatable etch rate even though the surface tended to be not as smooth as 
that obtained with the hydrochloric acid based etchant. The sulphuric acid based etchant left 
the surface with the lowest percentage of carbon coverage, second only to the organic 
degreasing. Thus, a combination of these two etchants is proposed as an appropriate surface 
treatment for InAs. To offset the negative result that the sulphuric acid based solution leaves 
more surface oxides and a slightly rougher surface, it is advisable to follow the sulphuric acid 
treatment by a shallow hydrochloric acid based etch step. 
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Table 13. Summary of the surface characteristics of InAs after treatment in various cleaning and 
etching solutions. 
Etchant 
RMS surface 
roughness  
[nm] 
Etch rate 
[nm/min] 
Standard 
deviation 
[%] 
Under-
etching  
[%] 
Surface carbon 
contents  
[%] 
Surface 
oxygen 
contents  
[%] 
Hydrochloric 
acid based 38 210 10 96 60 7 
Acetic acid 
based 63 36600 51 - 27 23 
Lactic acid 
based 205 410 24 291 60 17 
Sulphuric acid 
based 78 360 9 134 23 27 
Ammonia 
based 27 0 0 - 55 18 
Organic 
solution 
degrease 
27 0 0 - 26 35 
Untreated 
reference 27 - - - 8 29 
 
4.3 Surface passivation 
The success of electrical passivation techniques is mainly judged by the reduction of surface 
state densities [64]. III-V compounds are known to possess a large number of surface states 
which tend to cause Fermi level pinning, free carrier scattering and a large surface 
recombination velocity [27, 60, 64-70]. At the surface the lattice replication comes to an 
abrupt end, leaving dangling bonds that cause traps within the electronic band gap. By using 
chemical passivation techniques one aims to terminate those dangling bonds into a stable 
configuration that would resist oxidation and contamination. The native oxides that form on 
InAs and InSb materials tend to be poor insulators and disturb the chemical composition of 
the underlying semiconductor [71]. 
 
Electronically, surface passivation should unpin the Fermi level, reduce surface band bending 
and achieve a flat band state of the surface relative to the bulk [40, 64, 70-74]. For infrared 
photodiode applications, it is especially important to reduce surface states through 
passivation, because their presence increases the reverse current and thus reduces the signal-
to-noise ratio. Two common sources of reverse current are i) generation-recombination 
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current in the depletion region and carrier collection at the edges of the depletion region; and 
ii) surface recombination current, which tend to dominate at low voltage [70].  
 
Literature indicates that the most popular passivation techniques involve treating the surface 
with sulphur containing solutions [27, 60, 64-70], anodising by a hydrogen oxide [66], 
treating the surface with hydrogen plasma [27, 40, 67-88] or annealing within a hydrogen 
atmosphere [89]. 
 
There exists a controversy in literature as to whether sulphurisation truly has a passivating 
effect on the InAs surface. In the case of InAs the surface Fermi level is usually pinned above 
the conduction band minimum causing a natural charge accumulation layer to form at the 
surface [66]. For most n-type III-V materials, e.g. InSb, the surface states act as acceptors and 
produce depletion layers near the surface [64]. Due to the unusual placement of the Fermi 
level in relation to the conduction band minimum of InAs, surface states act as donors and 
create an accumulation layer. 
 
Ionised surface states on the sulphur terminated surfaces of typical n-type III-V materials act 
donor-like. Since for these materials the native defects act as acceptors, contrasting with the 
InAs case, sulphur adsorption reduces the overall surface charge density causing electrical 
passivation. Intrinsic n-InAs is characterised by a downward band bending in the presence of 
donor like surface states. Several researchers reported that sulphur treatment increases this 
downward band bending of InAs and thus concludes that the surface is not electrically 
passivated [40, 64, 73]. Other researchers have experimented with sulphur passivation of 
diode structures and reported a reduction in the reverse current [66, 68, 69, 72] and an 
increase in the photoluminescence intensity [27, 60, 65, 68]. This indicates a reduction in non-
radiative recombination centres - indicating that the surface was indeed electrically 
passivated.  
 
Anodisation 
The surface passivation technique explored in this study entails anodisation in either a KOH, 
Na2S or (NH4)2S solution. Each anodising solution was applied after approximately 1 µm of 
surface material had been removed, using either the lactic acid based etchant or the sulphuric 
acid based etchant. During the previously discussed material cleaning and etching 
experiments, the various solutions described in table 2 were judged with regards to etch rate, 
repeatability, usefulness in the patterning of devices (under-etching) and surface roughness. 
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The lactic acid- and the sulphuric acid based solutions proved to be the most appropriate 
etchants for use on InAs and InSb surfaces. 
 
After anodising the InAs samples, prepared with the lactic acid based etchant for 10 minutes 
in KOH the current dropped from 73 μA to less than 1 μA. The current for the InSb samples, 
prepared and anodised in the same way, dropped from 80 μA to 12 μA. InAs samples, 
prepared with the sulphuric acid based etchant showed a current drop from 80 μA to 6 μA, 
while the identically prepared InSb samples showed a drop from 75 μA to 30 μA. 
 
Samples from both material types were also anodised for ten minutes in a Na2S solution. InAs 
samples, prepared using the lactic acid based etchant, showed a current drop from 65 μA to 6 
μA. The identically prepared InSb samples showed a current drop from 80 μA to 30 μA. For 
InAs samples prepared using the sulphuric acid based etchant, the current dropped from 80 
μA to 17 μA, while the InSb samples showed a drop from 80 μA to 24 μA. The dramatic 
reduction in conductivity for both InAs and InSb surfaces measured during anodisation 
indicates a definite passivation of states causing surface currents. 
 
(NH4)2S anodisation did not produce a significant drop in the surface current of either the 
InSb or the InAs samples. A visible layer was formed on the surfaces and the anodisation 
process was kept up for 20 minutes. The final surface current values after preparation with the 
lactic acid based etchant were 69 μA for InSb and 75 μA for InAs. Samples prepared with the 
sulphuric acid based etchant resulted in a final surface current of 75 μA for the InSb and 66 
μA for the InAs samples. 
 
Surface layer composition determined by Auger electron spectroscopy 
Scanning Auger electron spectroscopy measurements were done in order to determine the 
nature of the surface layer left after anodisation. The three anodising solutions, KOH, Na2S 
and (NH4)2S were investigated in conjunction with the lactic acid based etchant and the 
sulphuric acid based etchant. The resulting surfaces on both InSb and InAs were explored. 
The argon sputter emission factor in the case of the passivation layers was set to 0.1, as 
opposed to a factor of 0.01 that was used during the Auger depth profiling of the etching and 
degreasing study. A sputter emission factor of 0.01 could not penetrate most of the anodised 
layers, causing the necessity to compare the results using a 0.1 setting. 
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InSb 
The Auger depth profiles measured on InSb samples while continuously sputtering with argon 
are displayed in figure 41. The samples were degreased, etched in either the sulphuric acid 
based etchant or the lactic acid based etchant and then anodised using one of the three 
mentioned solutions (KOH, Na2S or (NH4)2S). 
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Figure 41. Scanning Auger measurements done on InSb after etching and anodisation. (Sputter 
emission factor 0.1) 
____   Indium   ____   Carbon   ____   Oxygen 
____   Antimony  ____   Potassium  ____   Sulphur 
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In figures 41a and 41b the scanning Auger profile after the InSb surface was treated with 
either the lactic acid based etchant or the sulphuric acid based etchant, followed by anodising 
using the KOH solution, are displayed. The resulting surface chemistry seems to be very 
similar. The four periods/regions in terms of sputter time (i.e. depth) can be identified, as 
indicated by the dashed lines on the graphs. The outer most layer of the surface contains an 
antimony enrichment. It is possible that the positive surface bias applied during anodisation 
caused some diffusion of the anions (antimony) to the surface. The subsequent region features 
an oxide layer involving mostly indium, as inferred from the increased In:Sb signal ratio 
compared to the ratio typical for a sputter-cleaned surface (refer to the section of the data 
corresponding to the longest sputter times). In the case of the sample prepared in lactic acid, 
this region persist up to ~1800 s, compared to ~1200 s for the sample prepared in the 
sulphuric acid solution. The gradual removal of the oxide leads to a transitional region where 
oxygen rapidly disappears from the surface, the indium signal continues to increase and the 
antimony signal rises very steeply. As pointed out earlier, the sulphuric acid based etchant 
(which contains H2O2) again yielded a very high level of carbon contamination on the outer 
surface. 
 
KOH anodisation of the surface prepared by the lactic acid based etchant leaves the highest 
amount of oxygen, but due to the chemistry of this anodising this could be a very good result. 
AES cannot give the nature of the chemical bonding; usually the native oxide that forms 
naturally on the InSb surface tends to be soft and non-homogeneous. The fact that the layer 
could not be penetrated at a sputter emission factor of 0.01 shows that it is much harder than 
the naturally forming oxide and gives rise to the possibility that it is an oxide layer descendent 
from the anodising solution and could be of a better quality. 
 
The scanning Auger profile measured after the InSb surface was treated with either the lactic 
acid based etchant or the sulphuric acid based etchant, followed by anodisation using the Na2S 
solution, are displayed in figures 41c and 41d. The initial In:Sb ratio, on the surface of the 
lactic acid based etched sample is closer to the value for a sputter-cleaned surface than that of 
the sulphuric acid based etched sample. This indicates a small preference for the one oxide to 
form over the other. For the sulphuric acid based etched surface the initial In:Sb ratio is much 
larger, indicating the prevalence of an indium oxide. The trends observed in these two figures 
are similar. In both cases there is a surface region containing large amounts of oxygen, 
followed by a transition region where oxygen is removed from the surface while the indium 
and antimony signals increase similar rates. The indium and antimony signals settle at their 
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equilibrium levels at the same time as the oxygen signal. In the case where the surface was 
prepared by the lactic acid based etchant the oxygen signal takes longer to start decreasing, 
and also longer to subsequently reach its background value. In this case it is also more 
difficult to remove the carbon contamination from the surface and the carbon signal persists 
above its background value of ~10 % even after 4000 s of argon sputtering. On the lactic acid 
prepared surface the oxygen and carbon signals prove to be harder to break down than those 
on the sulphuric acid prepared surface. The surface prepared with sulphuric acid initially 
yields a larger sulphur signal but sulphur is removed much quicker than from the surface 
prepared with the lactic acid solution. 
 
The goal of Na2S anodisation is to terminate any dangling bonds on the InSb surface with 
sulphur atoms. The Auger depth profiles show that very little sulphur is present on the surface 
and also that this is either a very thin layer on the surface or that the chemical bonds capturing 
the sulphur atoms on the surface are very weak. Any passivation achieved by this treatment 
must be largely due to the substantial oxide layer left on the surface. 
 
In figures 41e and 41f the profiles measured for the samples anodised in the (NH4)2S solution, 
are displayed. It is seen from figure 41e that the anodisation layer following the lactic acid 
based etchant is very easily removed, within 500 s of argon sputtering. From the profile 
displayed in figure 41f, it can be seen that the anodisation layer after sulphuric acid based 
etching is much harder to remove - suggesting that the chemical bonds present on the surface 
are either much stronger or that the surface layer is much thicker. It also seems that the 
surface is enriched in indium and sulfur, which probably means that there exists an indium 
sulfide on the surface. 
 
In figure 42 the Auger depth profile of the InSb surface, after sulphuric acid based etching and 
subsequent anodisation in (NH4)2S are displayed. Sputtering was started on a different area of 
the same sample used in figure 41f. The argon sputter emission factor has now been increased 
to 1.0. The sulphur only starts disappearing after 1000 s of argon sputtering. After an argon 
sputtering time of 6500 s, the sulphur signal decrease enough to start a rise in the antimony 
signal. The antimony signal increases at very much the same rate with which the sulphur 
signal decreases and all signals settle at their equilibrium level after 13500 s. It seems that 
there is a sulphur layer right on the surface, sitting on an indium sulfide layer. Neither carbon 
nor oxygen plays a prominent role in the surface chemistry. 
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Figure 42. Scanning Auger measurements done on InSb after sulphuric acid based etching and 
(NH4)2S anodisation. (Sputter emission factor - 1.0) 
 
InAs 
The Auger depth profiles measured on InAs samples while continuously sputtering in argon 
are shown in figure 43. The samples were degreased, etched in either the sulphuric acid based 
etchant or the lactic acid based etchant and subsequently anodised using one of the three 
mentioned solutions (KOH, Na2S or (NH4)2S). The effect of anodising in the KOH solution is 
displayed in figures (a) and (b). Both surfaces are initially dominated by a strong oxygen 
signal. On the surface pre-treated in the lactic acid based etchant the oxygen signal starts to 
decrease after 820 s. On the sulphuric acid treated surface the chemical bonding of the oxygen 
to the surface is much stronger and the oxide only starts to breakdown after 3000 s of argon 
sputtering. At this point there is a steep rise in the signal intensities of both indium and 
arsenic. The indium and arsenic signals rise with very much the same slope, indicating that 
both elements were involved with the chemical binding surrounding the oxygen atoms. Both 
surfaces seem to be indium enriched. From the depth profiles it can be seen that the In:As 
ratio at the surface is about 3.5:1, contrary to the 2:1 ratio after the surfaces have been sputter-
cleaned. On the surface treated in the lactic acid based etchant the indium and arsenic signals 
settle after 5200 s. On the surface treated with the sulphuric acid based etchant the indium and 
arsenic signals settle after 5300 s. The indium and arsenic signals settle at their equilibrium 
values at very much the same time for both samples, indicating that the oxide layers were 
close to being the same thickness. Carbon does not seem to play a large role in the surfaces of 
the two samples, perhaps indicating that the surfaces were chemically passivated and not 
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reacting to the carbon present inside the vacuum chamber - as opposed to the results achieved 
after etching only. From figure 37 it can be seen that treatment in the lactic acid based etchant, 
without anodisation, resulted in a surface carbon coverage of more than 30 % and treatment in 
the sulphuric acid based etchant resulted in a surface carbon coverage of 50 %. 
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a)   Lactic acid based etchant, KOH b)   Sulphuric acid based etchant, KOH 
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c)   Lactic acid based etchant, Na2S d)   Sulphuric acid based etchant, Na2S 
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 e)   Lactic acid based etchant, (NH4)2S f)   Sulphuric acid based etchant, (NH4)2S 
Figure 43. Scanning Auger measurements done on InAs after etching and anodisation. (Sputter 
emission factor - 0.1) 
____   Indium   ____   Carbon   ____   Oxygen 
____   Arsenic   ____   Potassium  ____   Sulphur 
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The scanning Auger profile after the InAs surface was treated in either the lactic acid based 
etchant or the sulphuric acid based etchant, followed by anodisation in the Na2S solution are 
displayed in figures 43c and 43d. As mentioned before, the objective of sulphurisation as 
surface passivation method is to terminate any dangling bonds on the InAs surface with 
sulphur atoms. In figures 43c and 43d a noticeable lack of sulphur on the surface is indicated, 
suggesting that any passivation that took place (see figure 47) was due to the oxygen layer. In 
both cases the surface coverage by sulphur is less than 10 %. For pre-treatment in the lactic 
acid based etchant the oxygen signal starts to decrease only after 800 s, at which time the 
indium and arsenic signals start to increase. After 4000 s the oxygen signal falls below 10 % 
and the indium and antimony signals settle at values slightly below their normal equilibrium 
values. The lower indium and arsenic signals might be due to some oxygen still being present 
on the surface. For pre-treatment in the sulphuric acid based etchant the oxygen signal 
decreases sharply after 1000 s, while the indium and arsenic signals increase at very nearly 
the same rate - indicating that both the indium and the arsenic signals were involved in the 
chemical bonding with oxygen. The surface represented in figure 43d is almost completely 
cleaned of oxygen after 1600 s, where the indium and antimony signals settle at a higher 
equilibrium level than those in figure 43d. 
 
The scanning Auger profiles measured after anodisation in the (NH4)2S solution are displayed 
in figures 43e and 43f. The near-surface regions contain significantly more carbon than for 
any of the other cases shown in figure 43. The sample prepared in sulphuric acid has a much 
larger amount of sulphur on its surface, which start to disappear only after 3100 s of argon 
sputtering. At the same time the arsenic signal starts to increase. The sample prepared in lactic 
acid has significantly less sulphur on its surface, and it starts to disappear after only 240 s of 
argon sputtering. In both cases very little oxygen is present, but a notable phenomenon occurs 
near the end of the sputtering process. Between 1900 s and 2300 s on the profile in figure 43e 
and between 6300 s and 8500 s on the profile in figure 43f, the oxygen shows a final decrease, 
i.e. oxygen appears to be the last impurity on the surface.  
 
It is prudent to note that the Auger electron spectroscopy measurements do not give an 
indication of whether electrical passivation of the surface was achieved. It only indicates 
which elements were present on the surface and hints at which chemical interactions existed 
between these elements. In the results that follow, capacitance-versus-voltage measurements 
are analysed in order to evaluate the influence of the above anodisation processes on the 
semiconductor surface state density.  
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Semiconductor surface states evaluated through capacitance-versus-voltage measurements 
In this section capacitance-versus-voltage measurements are employed to evaluate the change 
in surface state density and flat band voltage after surface etching and anodisation. Metal-
insulator-semiconductor (MIS) capacitor devices were manufactured on InSb and InAs, thus 
covering both compositional extremes of the InAs1-xSbx ternary compound. Surface 
treatments that were investigated include a sulphuric acid based etchant and a lactic acid 
based etchant combined with KOH [75], Na2S [59, 65, 66] and (NH4)2S anodisation 
respectively.  
 
A summary of the surface treatments performed during the processing of each MIS capacitor 
device is shown in table 14. The thickness of the insulating SiO2 layer, the size of the active 
area and the resultant accumulation mode capacitance measured for each capacitor, after the 
various surface treatments, can be seen. The SiO2 thickness was measured using the Alpha 
Step stylus profiler. It is indicated in table 14 that SiO2 is slightly thicker on InAs than on 
InSb, suggesting that the InAs surface might be more chemically reactive. The resulting 
capacitors were used in capacitance-versus-voltage measurements, from which the 
semiconductor surface state densities were extracted. MIS interface states are directly related 
to the capacitance-versus-voltage behaviour of the device, thus offering an exact insight into 
the semiconductor surface state properties. 
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Table 14. Surface treatment performed during the processing of each MIS capacitor device. 
Sample 
SiO2 
dielectricum  
thickness 
Contact 
area 
CA Surface treatment 
InSb  1876 Å 1mm x 1mm 
349 pF 
•  Surface degrease 
InAs  3209 Å 0.75 mm x 0.75 mm 
34 pF 
InSb  2653 Å 1mm x 1mm 
271 pF •  Surface degrease 
•  Surface etch in lactic acid based etchant 
InAs  3614 Å 0.75 mm x 0.75 mm 
28 pF 
InSb  3691 Å 1mm x 1mm 
338 pF •  Surface degrease 
•  Surface etch in sulphuric acid based etchant 
InAs  4223 Å 0.75 mm x 0.75 mm 
22 pF 
InSb  3322 Å 1mm x 1mm 
151 pF •  Surface degrease 
•  Surface etch in lactic acid based etchant 
•  Surface passivation : KOH anodise InAs  3902 Å 0.75 mm x 0.75 mm 
20 pF 
InSb  2894 Å 1mm x 1mm 
283 pF • Surface degrease 
•  Surface etch in lactic acid based etchant 
•  Surface passivation : Na2S anodise InAs  3839 Å 
0.75 mm x 
0.75 mm 
25 pF 
InSb  4423 Å 1mm x 1mm 
111 pF •  Surface degrease 
•  Surface etch in lactic acid based etchant 
•  Surface passivation : (NH4)2S anodise InAs  5441 Å 
1mm x 
1mm 
55 pF 
InSb  2013 Å 1mm x 1mm 
330 pF •  Surface degrease 
•  Surface etch in sulphuric acid based etchant 
•  Surface passivation : KOH anodise InAs  3820 Å 0.75 mm x 0.75 mm 
29 pF 
InSb  1861 Å 1mm x 1mm 
355 pF •  Surface degrease 
•  Surface etch in sulphuric acid based etchant 
•  Surface passivation : Na2S anodise InAs  3451 Å 
0.75 mm x 
0.75 mm 
22 pF 
InSb  4289 Å 1mm x 1mm 
122 pF •  Surface degrease 
•  Surface etch in sulphuric acid based etchant 
•  Surface passivation : (NH4)2S anodise InAs  4458 Å 
1mm x 
1mm 
44 pF 
 
InSb samples 
Capacitance-versus-voltage measurements performed on the InSb samples are shown in figure 
44. Significant differences in the flat band voltage and the slope, dC/dV, can be distinguished 
for the different surface preparation methods [29-32, 36]. From figure 44 it can be seen that 
there is a definite reduction in the fixed surface state density for all the samples when 
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compared to the sample that has not undergone any surface treatment besides the degreasing 
process step. The sample which has undergone a sulphuric acid based etch shows a flat band 
voltage closest to zero - indicating the smallest fixed surface state density. 
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Figure 44. Normalised capacitance versus gate voltage, as measured on the InSb samples. 
A comparison of the fixed and slow surface state densities, derived from the capacitance-
versus-voltage measurements performed on the InSb samples is shown in figure 45. It is clear 
that the fixed and slow surface state densities for each surface treatment is of the same order 
of magnitude and follow the same trend. No hysteresis could be measured for the sample that 
was only treated in the lactic acid based etchant. The largest hysteresis was found on the 
sample that was only degreased using the organic solution. The data represented in figures 44 
and 45 indicate the highest transition slope for the sample that had undergone treatment in the 
lactic acid based etchant, followed by (NH4)2S anodising. The sample prepared in the lactic 
acid based etchant followed by KOH anodising, displays the next steepest slope. 
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Figure 45. Values relating to surface states, deduced from capacitance-versus-voltage 
measurements performed on the InSb samples. Equation 19 relates the flat band voltage to the 
density of fixed surface states and equation 20 the hysteresis voltage to the slow surface state 
density. 
 
InAs samples 
Capacitance-versus-voltage measurements performed on the InAs samples are shown in 
figure 46, illustrating the influence of various surface treatments on the InAs surface 
properties. Similar experiments have been reported on InAs by Wilmson [31] and Baira et al. 
[28]. It is evident that only treatments followed by (NH4)S2 anodisation did not result in an 
improvement of the flat band voltage over that of the unetched sample. 
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Figure 46. Normalised capacitance versus gate voltage, as measured on the InAs samples. 
 
A comparison of the fixed and slow surface state densities, derived from the capacitance-
versus-voltage measurements performed on the InAs samples are shown in figure 47. The 
lowest number of fixed, slow as well as fast surface states are achieved with a 1 µm etch in 
the lactic acid based etchant, followed by a KOH anodisation step (see figures 46 and 47). 
The samples pre-treated in either the lactic acid based etchant or the sulphuric acid based 
etchant followed by (NH4)2S anodisation show a pronounced increase in fixed and fast surface 
state density, indicating that (NH4)2S anodisation on InAs has a deleterious effect. 
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Figure 47. Values relating to surface states, deduced from capacitance-versus-voltage 
measurements done on the InAs samples. Equation 19 relates the flat band voltage to the 
density of fixed surface states and equation 20 the hysteresis voltage to the slow surface state 
density. 
 
Concluding remarks on surface passivation 
In this section the influence of wet chemical etching, combined with anodisation, on the 
electrical characteristics of InAs and InSb surfaces was investigated. On the InSb material 
very good results were achieved with lactic acid based etching followed by KOH anodisation. 
Surface characteristics of the InAs samples were greatly enhanced by treatment in a lactic 
acid based etchant followed by KOH anodisation. (NH4)2S anodisation, preceded by either 
lactic or sulphuric acid based etchant resulted in an increase in the fast, fixed and slow surface 
state densities for InAs samples. 
 
A summary of the Auger electron spectroscopy data combined with surface state densities 
found on InSb after various surface treatments, is presented in table 15. The percentage 
surface coverage by contaminants, measured through Auger spectroscopy, seems to be related 
to the surface state densities calculated from capacitance-versus-voltage measurements. From 
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table 15 it is clear that the highest fixed as well as fast surface state densities are found after 
the surface has been treated by only the organic degreasing process, coinciding with the 
highest percentage surface coverage of carbon. 
 
Table 15. Comparison of Auger electron spectroscopy results and the surface state densities 
found on InSb after various surface passivation treatments. 
Etchant Anodic solution 
Surface 
carbon [%] 
Surface 
oxygen [%] 
Surface 
sulphur [%] 
Fixed surface 
states [cm-2] 
Slow surface 
states [cm-2] 
Lactic acid 
based None 29 26 - 3.61 x 10
11 - 
Lactic acid 
based KOH 10 51 - 5.03 x 10
10 6.03 x 1010 
Lactic acid 
based Na2S 32 37 11 2.27 x 10
11 6.51 x 1010 
Lactic acid 
based (NH4)2S 42 6 24 2.18 x 10
11 2.22 x 1010 
Sulphuric 
acid based None 41 17 1 1.87 x 10
10 2.56 x 1010 
Sulphuric 
acid based KOH 53 51 - 1.83 x 10
11 4.87 x 1010 
Sulphuric 
acid based Na2S 32 45 22 1.50 x 10
11 3.23 x 1011 
Sulphuric 
acid based (NH4)2S 34 5 45 4.12 x 10
11 9.75 x 1010 
Organic rinse None 55 25 - 1.20 x 1012 6.19 x 1011 
 
A graphical display of the surface state densities as well as percentage surface coverage by 
contaminants, achieved through the various surface passivation treatments on the InSb 
material, is shown in figure 48. The percentage surface coverage is displayed on the vertical 
axis on the left, while the surface state density is displayed on the vertical axis on the right. 
The various surface treatments are labelled on the horizontal axis. It is clear that the fast and 
fixed surface state densities are of the same order of magnitude and display the same trend. 
This could mean that the same treatment that tends to cause fixed surface states, also tends to 
cause fast surface states. The curve indicating the carbon surface coverage seems to follow the 
same trend as that of the surface state densities. Indications are that the best surface 
passivation technique on InSb would be that of a lactic acid based etchant followed by KOH 
anodisation. 
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Figure 48. Comparison of Auger spectroscopy and C-V results after passivation of the surface of 
InSb. 
 
A summary of the Auger electron spectroscopy data combined with surface state density 
measurements on InAs after various surface treatments, is presented in table 16. The 
percentage surface coverage by contaminants, obtained from Auger spectroscopy, is 
compared to the surface state densities calculated from capacitance-versus-voltage 
measurements. It is evident from table 16 that the surface state densities on InAs tend to be 
two orders of magnitude lower than those found on InSb. The relation between surface state 
density and the percentage surface coverage by carbon is not as clear as in the case of InSb, 
but the overall carbon surface coverage seem to be significantly less. 
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Table 16. Comparison of Auger electron spectroscopy results and the surface state densities 
found on InAs after various surface passivation treatments. 
 
A graphical illustration of the surface state densities as well as percentage surface coverage by 
contaminants achieved through the various surface passivation treatments is shown in figure 
49. The percentage surface coverage is displayed on the vertical axis on the left, while the 
surface state density is displayed on the vertical axis on the right. The various surface 
treatments are labelled on the horizontal axis. Similar to the case of InSb, it is indicated in 
figure 49 that the slow and fixed surface state densities are of the same order of magnitude 
and follow the same trend. There seem to be some indication that the carbon surface coverage 
tracks the surface state densities. The oxygen surface coverage appears to follow the direct 
opposite trend as that of the carbon surface coverage, indicating that no carbon residue is left 
where the surface has already oxidised. Indications are that the best surface treatments for 
InAs would be a sulphuric acid based etch followed by Na2S anodisation. 
Etchant Anodic solution 
Surface 
carbon [%] 
Surface 
oxygen [%] 
Surface 
sulphur [%] 
Fixed surface 
states [cm-2] 
Slow surface 
states [cm-2] 
Lactic acid 
based None 43 22 - 4.72 x 10
8 1.50 x 1010 
Lactic acid 
based KOH 10 43 - 4.99 x 10
8 2.50 x 108 
Lactic acid 
based Na2S 8 40 8 4.68 x 10
8 4.68 x 108 
Lactic acid 
based (NH4)2S 39 8 10 4.12 x 10
9 1.92 x 109 
Sulphuric 
acid based None 51 16 2 8.24 x 10
8 2.75 x 108 
Sulphuric 
acid based KOH 17 46 - 1.14 x 10
9 5.79 x 108 
Sulphuric 
acid based Na2S 7 43 7 4.12 x 10
8 6.04 x 108 
Sulphuric 
acid based (NH4)2S 48 7 7 8.24 x 10
9 3.30 x 109 
Organic rinse None 6 29 - 2.97 x 109 1.70 x 109 
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Figure 49. Comparison of Auger spectroscopy and C-V results after passivation of the surface of 
InAs. 
 
The above results show that both the passivation process step and preceding etch step must be 
taken into account when optimising the resultant surface characteristics. The nature of the 
contributing surface states will evidently change as the mole fraction of Sb in the InAs1-xSbx 
compound changes between the two binary endpoints investigated in this work. 
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4.4 InAsSb photodiode fabrication and testing 
Given all the advantages offered by InAsSb several researchers have explored the possibilities 
of creating devices based on this compound. One of the greatest obstacles to overcome has 
been the lack of a suitable substrate. With the rapid advances in the area of epitaxial growth it 
is possible to grow very high quality epitaxial layers. Misfit dislocations, however, cause 
defects giving rise to trap assisted tunnelling, which introduces a strong 1/f noise factor to the 
detector current [101] and severely limits the R0A factor. 
 
Epitaxial growth of InAsSb on several substrates has been explored including GaSb [41, 90-
93], GaAs [90, 94-98], and InAs [99-102]. Growth on GaAs or Si [103, 104] is a very 
attractive option because of the advantages it offers for the development of large area focal 
plane arrays and for the monolithic integration of the detector array with the readout circuit. 
Very high quality GaAs and Si substrates are readily available in large sizes. Even though Si 
technology is more established and extremely popular, it is possible to manufacture readout 
circuits on either Si or GaAs. 
 
Rogalski et al. [105] explored the idea of growing InAs1-xSbx epitaxial layers on Ga1-xInxSb 
substrates, which allows tuning of the lattice constant as well as the band gap of the substrate 
to complement that of the active layer.  
 
Several workers have researched the qualities of InAsSb heterojunctions grown on GaSb 
substrates [90, 95, 97]. Srivastava et al. [90] have reported I-V and C-V measurements on n-
InAs0.95Sb0.05/n-GaSb structures and found the n-n heterojunction to be strongly rectifying and 
behaving like a metal/n-GaSb Schottky diode with a barrier height of 0.8 ± 0.002 eV. They 
have established that the band line up is of the broken gap variety. They have measured the 
valence band offset EV(GaSb) - EV(InAsSb) to be 0.67 ± 0.04 eV and concluded that the 
electrical characteristics of n-InAs0.95Sb0.05/n-GaSb heterojunctions are controlled by large 
band bending on the GaSb side of the junction.  
 
Giani et al. [97] have done room temperature I-V measurements on n-InAs0.91Sb0.09/n-GaSb 
and p-InAs0.91Sb0.09/n-GaSb junctions. They also found the n/n heterostructure to be rectifying 
with a dark current of 70 μA at 1 V reverse bias. The p/n junction, on the other hand, was 
reported to be ohmic. This group measured the photoconductivity spectra of their n/n device 
at 300 K as well as at 77 K and found the response at 77 K to be nine times higher. They 
attributed this partly to an increase in the carrier lifetime. 
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Rakovska et al. [92] states that the GaSb/InAs1-xSbx interface is known to be semi-metallic, 
leading to massive flooding of the InAs1-xSbx layer by electrons from the valence band of the 
GaSb. In order to reduce the carrier population at the interface, they have introduced a 30 nm 
Al0.47Ga0.53Sb layer followed by a 18 nm In0.85Al0.15As0.9Sb0.1 layer to act as a barrier between 
the InAs1-xSbx layer and the GaSb. This resulted in narrower photoluminescence peaks and 
less noisy conductivity spectra. 
 
Podlecki et al. [96] reported two types of noise behaviour on their MOCVD grown 
InAs0.91As0.09/GaAs diode structure. At low frequencies they observed a dominating 1/f noise 
that they attributed to non-optimised contacts. At higher frequencies they inferred noise due to 
generation-recombination processes.  
 
Several structures and different growth techniques have been reported - yielding devices 
achieving D* values ranging from 108 cmHz0.5W-1 at near room temperatures to 4 x 1011 
cmHz0.5W-1 at cryogenic temperatures (table 17).  
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Table 17. Performance of InAs1-xSbx photodiodes manufactured by various techniques. (T is the 
diode temperature, A the illuminated area, R0 the zero-bias resistance, λP the wavelength of peak 
photo-response and ηP the quantum efficiency.)  
Material 
Fabrication 
(carrier 
concentration) 
T 
(K) 
R0A 
(Ω cm2) 
λP (µm) 
(spectral 
response 
range) 
ηP 
(%) 
D* 
(cm Hz1/2 W-1) Comments Ref. 
n-p+ 
InAs0.85Sb0.15 
 
 
 
n-p 
InAs0.86Sb0.14 
 
 
 
n-p+ 
InAs0.89Sb0.11 
 
 
 
n-p+ 
InAs0.6Sb0.4 
 
 
 
n-p 
InAs0.85Sb0.15 
 
 
 
n-p 
InAs0.9Sb0.1 
 
 
 
p-i-n 
InAs0.91Sb0.09 
 
 
 
 
 
p-i-n 
InAs0.89Sb0.11 
 
 
 
 
p-i-n 
InAs0.8Sb0.2 
 
 
 
Mesa, step-graded 
buffer, LPE 
(n~1015, p~1016) 
Zn doped 
 
Mesa, LPE 
(n~p~1016) 
Zn-doped 
 
 
planar, LPE 
(n~1016) 
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In this section the influence of the various surface passivation recipes tried in this study on the 
reverse bias dark current is examined for a photodiode based on a design reported by Bubulac 
et al. [41]. This group reported results on a p-i-n structure grown by LPE and nearly lattice 
matched to a GaSb substrate. The structure, n-GaSb/n-InAs1-xSbx/p-InAs1-xSbx (x = 0.10 in 
both cases), consisted of a Zn-doped p-type layer and an unintentionally doped n-type layer 
on the n-type substrate. In both cases the carrier density was reported to be 1016 cm-3.  
 
They observed a short wavelength cut on of 1.4 µm at 77 K, which is determined by the band 
gap of the GaSb substrate. The cut off wavelength was determined by the band gap of the n-
InAsSb active region, which is composition dependent. They reported a 50 % cut off 
wavelength of 4 µm for devices with an antimony mole fraction of 0.10. AgMn was 
evaporated to establish ohmic contact to the front of the device and the backside contact was 
established by bonding the device with silver epoxy to a header; which also determined the 
aperture for backside illumination. 
 
Bubulac et al. [41] determined the electron diffusion length to be almost 27 µm at 100 K and 
the hole diffusion length to be 5.5 µm. The hole diffusion length in GaSb was lower than in 
InAsSb. They established the GaSb reflection coefficient to be about 25 %. In their design 
they have placed the p-n junction 3 µm from the metallurgical interface with the substrate, i.e. 
less than the hole diffusion length, because shorter wavelength photons would be absorbed 
very close to the hetero-interface and would have to diffuse further to reach the junction. They 
measured the InAsSb layer to be 10 µm thick. 
 
The photo-response of their detector covered a spectral range of 1.7 to 4.2 µm, achieving an 
external quantum efficiency of 65 % without anti-reflection coating. At 100 mV reverse bias, 
the diode current was measured to be less than 10-9 Acm-2, with an R0A product of 109 Ωcm2. 
 
Infrared photodiodes were processed on InAs0.91Sb0.09 as described in section 3.6. Four sets of 
diodes were processed, using each of the three anodisation procedures as well as an 
unpassivated reference detector. The relative responsivity measurements are shown in figure 
50. Measurements were done on the untreated sample as well as the Na2S treated sample, 
yielding identical results The measured relative response results correspond very well to that 
of Remennyi et al. [102]. The detector spectral response yielded a short wavelength 50 % cut 
on at 3.3 µm and a long wavelength 50 % cut off at 4.3 µm. 
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Figure 50. Measured relative response. 
 
Current-versus-voltage measurements 
Current-versus-voltage (I-V) curves were measured on the four devices in order to investigate 
the influence of the various surface passivation techniques on the reverse bias dark current of 
the detectors. 
 
The I-V curves measured on the InAs0.91Sb0.09 diodes, measured at room temperature in 
darkroom conditions, are displayed in figure 51. It can be seen that at room temperature the 
devices are rectifying. 
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Figure 51. Current vs. voltage characteristics measured at 300 K. 
Specific parameters extracted from the I-V curves measured at room temperature for the 
various surface passivation treatments, are presented in table 18. The parameters measured on 
a device that had no surface passivation treatment are shown as a reference. It is evident that 
at room temperature the best zero bias resistance (1270 Ω) was achieved for the sample 
anodised in KOH. For this device, the lowest zero and reverse bias dark current values are 
also obtained. Up to a reverse bias of 190 mV all three anodisation treatments seem to yield 
lower dark current values. For larger reverse bias voltages the (NH4)2S passivation yields a 
dark current slightly larger than that of the reference sample. 
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Table 18. Device parameters extracted from current vs. voltage measurements at 300 K. 
Passivation Rseries 
[Ω] 
R0V 
[Ω] 
I0V 
[A] 
I-200mV 
[A] 
I-400mV 
[A] 
None 72 350 115.0 x 10-9 292.0 x 10-6 694.0 x 10-6 
KOH anodising 74 1270 42.1 x 10-9 92.3 x 10-6 199.0 x 10-6 
Na2S anodising 98 824 95.1 x 10-9 165.0 x 10-6 456.0 x 10-6 
(NH4)2S anodising 202 1000 55.9 x 10-9 297.0 x 10-6 882.0 x 10-6 
 
The dark I-V curves measured on the InAs0.91Sb0.09 diodes, at 77 K, are shown in figure 52. 
Again rectifying behaviour is observed and the reverse bias dark current of the detectors are 
significantly smaller than at room temperature, due to a reduction in thermally generated 
carriers. 
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Figure 52. Current vs. voltage characteristics measured at 77 K. 
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Specific parameters extracted from the I-V curves measured at 77 K, after various surface 
passivation treatments, are summarised in table 19. At 77 K the highest zero bias resistance 
(28.5 MΩ) and the lowest zero bias current (4.7 pA) are achieved for (NH4)2S passivation. 
Only for a reverse bias larger than 500 mV does the Na2S surface passivation yield a lower 
detector current. All three anodisation treatments result in reduced dark currents as well as 
lower differential resistance. 
 
Table 19. Device parameters extracted from current vs. voltage measurements at  77 K. 
Passivation Rseries 
[Ω] 
R0V 
[Ω] 
I0V 
[A] 
I-200mV 
[A] 
I-400mV 
[A] 
None 115 18.5 x 10+3 10.7 x 10-9 40.8 x 10-6 100.0 x 10-6 
KOH anodising 148 312.0 x 10+3 3.2 x 10-9 9.2 x 10-6 25.9 x 10-6 
Na2S anodising 134 18.4 x 10+6 82.8 x 10-12 135.0 x 10-9 1.9 x 10-6 
(NH4)2S anodising 379 28.5 x 10+6 4.7 x 10-12 140.0 x 10-9 1.9 x 10-6 
 
Electro-optical measurements 
Responsivity, noise and detectivity measurements were done in order to investigate the 
influence of the various surface passivation treatments on the electro-optical performance of 
the devices. 
 
The electro-optical parameters measured at 300 K are summarised in table 20. Performance 
parameters are compared as a result of the various surface passivation treatments. At room 
temperature the highest D* is observed for the Na2S anodisation (1.0 x 109 cm2Hz0.5W-1). For 
this sample, the lowest noise was also achieved (3.9 x 10-12 AHz-0.5). The unpassivated sample 
has the worst noise current and the lowest R0A value. 
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Table 20. Influence of surface passivation on the electro-optical performance of the photodiode. 
Measurements were performed at 300 K. 
Passivation R0A 
[Ω cm2] 
Inoise 
[A Hz-0.5] 
R 
[A/W] 
D*BB 
[cm2Hz0.5W-1] 
None 44 6.3 x 10-12 12.0 x10-3 7.6 x 108 
KOH anodising 160 4.8 x 10-12 2.1 x10-3 1.8 x 108 
Na2S anodising 104 3.9 x 10-12 10.0 x10-3 1.0 x 109 
(NH4)2S 
anodising 126 5.9 x 10
-12 7.1 x10-3 4.4 x 108 
 
The electro-optical parameters measured at 77 K are summarised in table 21. The sample 
passivated in Na2S yielded the highest D* value at 1.1 x 109 cm2Hz0.5W-1, with a noise current 
value of 3.7 x 10-13 AHz-0.5. The lowest noise current (2.4 x 10-13 AHz-0.5) and the highest R0A 
value (3.6 x 106 Ωcm2) were measured for the (NH4)2S anodisation. All three anodisation 
treatments seem to improve the noise current by a factor of ~4 compared to that of the 
reference sample. 
 
Table 21. Influence of surface passivation on the electro-optical performance of the photodiode. 
Measurements were performed at  77 K. 
Passivation R0A 
[Ω cm2] 
Inoise 
[A Hz-0.5] 
R 
[A/W] 
D*BB 
[cm2Hz0.5W-1] 
None 2.3 x 103 1.1 x 10-12 2.7 x 10-3 9.6 x 108 
KOH anodising 39.2 x 103 3.4 x 10-13 0.5 x 10-3 5.2 x 108 
Na2S anodising 2.3 x 106 3.7 x 10-13 1.1 x 10-3 1.1 x 109 
(NH4)2S 
anodising 3.6 x 10
6 2.4 x 10-13 0.4 x 10-3 7.7 x 108 
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Concluding remarks 
It is clear that the diode structure processed in this work displayed current rectification, 
resulting in a useful device in order to evaluate the success of the chosen surface passivation 
treatments. Current rectification was obtained at both room temperature as well as at 77 K.  
 
All three anodisation solutions resulted in an improvement in the zero bias dark current over 
that of the reference diode structure. The highest, 77 K, D* value (1.1 x 109 cm2Hz0.5W-1) was 
achieved for the device anodised in Na2S . 
 
At room temperature the detector yielded a lower series resistance value, higher reverse bias 
dark current and lower differential resistance when compared to the values measured at 77 K. 
The noise current of the anodised samples was reduced by about an order of magnitude. The 
D* values of the KOH and (NH4)2S anodised samples improved by about a factor of 2, while 
there was very little change in that of the untreated sample and the sample anodised in Na2S. 
The noise current of the untreated sample improved only by a factor of 6 when cooled down 
to 77 K. At room temperature the detectors yielded higher current response values but also 
higher noise values, thus effectively eliminating the change in detectivity (see equation 14). 
This would suggest that it is not worth the challenge of cooling down the detector to low 
temperatures and that it should rather be used at room temperature. 
 
As might have been expected, the results of electro-optical measurements indicated that 
InAs0.91Sb0.09 behaves very similar to InAs with respect to surface passivation. The highest 
detectivity value and the lowest noise current were achieved for the sample that had been 
treated in Na2S. Thus Na2S seems to be most effective in reducing the surface state density, 
which agrees with the results obtained from C-V measurements. 
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CHAPTER 5  
CONCLUSIONS 
 
This study has been devoted to the development of the processing steps necessary to create 
infrared detectors on MOCVD-grown InAsSb material. Apart from designing a diode 
structure the most fundamental processing steps involve the cleaning and etching of the 
surface, followed by surface passivation. Several possible etchants were evaluated with 
regards to surface roughness, etch rate and repeatability. On InSb the lactic acid based etchant 
gave the best results, while on InAs the sulphuric acid based solution was the most suitable 
etchant. AES measurements were performed to investigate the elements left on the surface, 
giving an indication of the suitability of each etchant to clean the surface and to evaluate 
possible contamination as a result of the etchant.  
 
AES measurements were also performed to evaluate the composition of the surface after the 
combined effects of etching and passivation. MIS capacitors were fabricated to investigate the 
influence of the etchants on their own as well as combined with passivation techniques on 
possible surface states. By measuring capacitance vs. voltage characteristics on the MIS 
capacitor devices the influence of each treatment on the surface state density could be 
determined. For both InAs and InSb, the lowest surface state density was achieved by KOH 
anodisation on a lactic acid based pre-etched surface. For InAs surfaces prepared by sulphuric 
acid based etching, the lowest surface state density was obtained with Na2S anodisation. 
 
The surface of both InAs and InSb were evaluated since these binaries cover both Sb mole 
fraction extremes of the InAs1-xSbx ternary compound. It is clear from this study, that the 
results achieved after surface passivation are strongly influenced by the preceding cleaning 
and etching steps. For both InAs and InSb surfaces, pre-etching in the lactic acid based 
solution before anodisation, obtained slightly lower surface state densities when compared to 
the results obtained by sulphuric acid based etching.  
 
In order to determine the influence of passivation techniques on the reverse bias dark current 
of the photodiode evaluated in this study, the etching and passivation results were used to 
process infrared detectors on InAs0.91Sb0.09 material. Electro-optical measurements were done 
to compare the R0A product, leakage current as well as detectivity resulting from the different 
processing techniques. The infrared photodiodes created on InAs0.91Sb0.09 material yielded the 
best electro-optical performance after passivation in the Na2S anodising solution. This agrees 
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with the C-V results obtained on InAs. It is deduced that the surface chemistry of InAs1-xSbx 
(in terms of etching and passivation) will vary with Sb mole fraction x. For smaller values of 
x the material will behave similar to InAs, while it is expected that for larger values of x it 
will resemble more closely the behaviour of InSb. 
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